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Editor's Introduction 


M.wimn W ft I Fa's Slmtigrdphic Principl^^ and Practice is an hnporbnt 
bCH)k about an uuportant, and perhaps too little appreciated, suhicct. 
Professor WeUer himself states Uiat "'shatigraphy is the iiidUspaii^hle 
heart and core of geology/’ 'tlib ts not the standard and anticipated 
hyperbole of the enthusiastic e^tpert who is cn^erly picocenpied with his 
own subject. It is a literal fact. 

Geology—with its core of stmtigrapiiy — b a scicucc with the most ex¬ 
traordinary mmifications. TTic wiird fbielf fir^t nppeared — as "gtologia'' —m 
J73> and oii^iially memit lUe "scktice of curtliy things.^ Twenty ™rs 
later “geology" was flcfinc<I as "^the science wliich treats of the rartli in 
genera!." To a certain degree tliis essentially aJlritidusivc dtfinitrfin of 17^5 
is still valid. TbiiSp in the broad sense, cliciiihLSp physicists, uiiiilicmatidan.% 
biologists, airhcoTogfets^ niLHeorologists, geographers and oceanographers are 
all part-time geologists when — as crmnnoTily is the case—they' are employing 
their special talents and training in the solution of problems w'hich, sbictly 
speaking, are partly or wholly geolpgical A stratigrapher, however, b always 
a geologist. The dcvchipraent of the concepts of getslogy and sLratigraphy, 
Of reflected in their accepted definitions, wdl ^ubstantiulc this statemcnl:. 

In 1S6S ttraHgrapUy—liJerally "the study of stiahi"—w'as firsi defined 4 s 
branch of geok^' that is concerned w’idi the order imri rebthT 
tioji of the strata of the earth's trust/' As early as 1"9:\ tKiwever, geology 
itself was descrihed d? bdng "the science which inv^tigatcs the earth's 
emst, ihc strata which ccmipose it^ with hheir mxitnal relahorLS, and the suc¬ 
cessive changes to w'hich their ptesent Dn-mlitions and positions sire due/' 
h is apparent theiv that the concept of the sciaicc of geology (icii: prior 
to IBfJO dlffcT^l litUe from the concqit of die anbctbcfpline ol stratigraphy 
as dcEnctf some seveut)' years latei* 

Tilt cotisruou riKHlmi view about stratigraphy may Ise well compretieiided 
by ni^ng a hrief amlj'sis of the ^objects coiiTied in Use present vnltunc. 
VVdIei first discusses stratigraphy anil time, and he points uut the oontnTm- 
Hon of .stratigraphic studic? to the imdmtanding of the difficult concept of 
essentially dlimltable thne. Tht author then mcludes a chapter describing 
the dwelopmcnt of stratigraphic thought and analyses. Chapter 5, whith 




xLi EDIIOR'S EN'I’RODUCTIDN 

deals isith ^ologicul cLi^^iHcalioii!!, dcmnustr^tcs bow sobs tan tiaUv tbc 
geological systems ate tooted in stratigraphic determinations, 

Parr II includes six iniportant chupters which, broadly speaking, deal 
with the "materiaU'* of the subject. Topics considered are classiGcatioit and! 
ctimpositiOii of sediments and rocks, Uieir textures, structures aud colors, 
their physiography, their pileoecolagy, llieir farmation as a result of, und 
tbcii ralction to, tectonic setisitj . ’Hieie is also a scctiuu on lire interpreta¬ 
tion of tJie origin and history of lOeks aud sediments. 

Part 11 [ ilcuU with the interpretation of stratigraphic bodies—that is, 
strata and their nnits—and their relations within the fniniework of space 
and tune. Altogether seven chapters are required to treat this vers hioad 
topic adequately. The subjects cos'cted include stratihcatioii itself and the 
resulling vertical sequence of beds, as well bs the breaks or uuconfomiitks 
vvliieh commonly separate such locL seqiimces. Tlic serious pmblems of 
stmligiaphk el ass iti cation and strabgraphic nomentlatuie ate also discussed 
iu some detail. 

Bdtli in theorcticM] studies und in petraletim esploiution the suh|CLts of 
lateral variatiun and fjcics control of sediments have been receiving in- 
encasing attention. Tliq', and the associated problem of torrelation. arc 
fully discussed in Chaptets H and 15. Chapter 16 is devoted Lo historical 
gctiiogy, which is so targel; dependent on stratignipliy and strati graphical 
palcnutotogy'. 

Part IV an appendix of twm intensely piactical chapters toiicemed with 
tlie necessary adjuncts to, and Imscs for, siratignipbic studies, ix, corehil 
field work and pieci.se gi?r.'logIc3l mapping as well a$ the graphical rcpi-esenta- 
fkins tequiied to make the results of such work sume significant, not only 
to the student, but to the originat ms-estigator as w-ell. 

The fciTCgping brief review of the major topics considered by the author 
tails to do justice to the Scope and breadth of this signific^il text and 
compendium. It will lie readily apparent, even on casual examination, how¬ 
ever. that Weller’s Sfr^figraphi'e Priiicipk'i iintf rrtu:tice is a new departure 
in books on this subject. Stratigraphy here is in uo sense j world stratigraphy, 
for it ts not diieetly cunccTucd with details rtgurding Caiuhrian strata or 
neidotxne sedimenhition, or with the Mcso/oic rocks nf Cetmuny or tlie 
Tertiary jeqiicnce uf ICgypi. Railiei it is deeply concerned with tile stra¬ 
tigraphic printiples which are appltcablt- to tlie analytes of the .stratilled 
tcicLs (if all ages in all areas of the globe, 

PnifesMiT W'dlcr’s background for writing such a valuable book iias been 
particularly fortunate. He is ilie son of the famous stratigrapbei and pa¬ 
leontologist, Shiart Weller, who among many other accompUshmerits wrote 
much of the estended stratigraphic, palttmtologie, and historical sections 
or die gtcat^ihree-TOlinne Chainbcilui mtl Salisbury Ceofogy. Uhls was 
Iiterslty the “handlxifjk” of several genctalidiw uf American stratigraphers; 


EDITOR'S INTRODUCTION riii 

an<i thiu Maivili ^Ve^tT grew up in a stncliarged atmosphere of stratigraphic 
emphasis and pxoductivih, 

TTie author's field experience lias induded extended rccoiiuaissancc stir- 
s’cys ill India, the interior of China, and the Philippines, as wdl as detail^ 
iuvestiearions in various parts of North Amdica, especially in that stiatig- 
lapbcr'a "happi hunting grounds*'—the bmad upper Mississippi Valley and 
Great Lalics Region, After richly pioductivic years as. a member of the staff 
of the lllinoit Geological Sunw, Dr, Wtlla in 19d5 succeeded tn the 
professorship at the Univeniit;' of Oucago formerly lietd by- his distinguished 
fattier. At this point the editor cannot refrain from revealing a deep pCr- 
soual iuterot, and a possible favurable bias, by mentioning that for a 
16-ycar period betwwn the death of Stumt Wdier and tlie appoinhnent of 
Marrmi WeTIcr, he himself had the privilege of occupying thaJ same chair 
at the University of Chicago. Fasoiable bias aside, hmsTeva, other and 
mme disintetesfed observ^cts arc very tihely to accord M*ji vI n W eltcr s 
volume flic tacit honor of an dsiK^ readied spot on tlieri boohshelves. And 
because it dfjes deal with principles, the book should find wide usage in 
Idnnries cmd laboratories, as well at in classrooms, both in this coimliy aud 
abroad. 

Carey Cjtoyt^is 

The Rice Jnsrifutc 


















































































































Preface 


Tins BOOS is based on iechires presented fram time to tiine over a number 
qf years at ibe Univeisih- of Chiogtt. ‘l“he main idea motivating tbeir 
nrcrwtation is my belief that stratigwiahy occupies a posittoii at the hwrt 
of the geologic sciences and tliat its broad coiisideiation inTOlves both 
scienlilic and philosophic aspects that should be the coiumoa mectmg 
groiind of all geologists. To me shatigtaphy is a cijnamic subject not con* 
fined to the dcfiiiitifms of formations, which au)- student can easily look up 
ill a reasonablv good library, ft is. instead, a mbfect based on ccitain princi¬ 
ples and conventions applied to natimil phenumena and liads to the lecogm- 
tirni and, I hope, to the sohition of a vaiie^ of bmad problems that should 
be of interest and importance to all geologists rtgatdles of tUt^ si»ccialtif3, 

fust as certain aspects of geology meigc wth physics, cbemistiy, biology, 
and astronomy, so also the boundaries of stiahlgraphy are ill defined. Us 
conrrcctiMis with some phases nf pclfology, scdmientology, and paleontology 
are particularly close and its position as Ihe fbimdadoo of lustorical geology 
is obvious. There art exccHent booles devoted to sedimentary petrology and 
paleontology but. insofar as these deal with stiatigraphy at all. stratigraphy 
is considered from the standpoint of the pchotugist or ijaleoiitologist. Thus 
stratigraphy is drawn upon as a sapplcmcntal aid in the investigation of 
problems ^culiar to these other fields of study. 1 have sought to reverse 
this emphasis because 1 believe that the appUcations of sedimentary pe¬ 
trology and paleontology to sliatigraptiy have not been picseiited ade- 
quatdv- 

The choice and orgaiiizahon of the subject matter in this boot have been 
determined by my interests, and the data are drawn to a very large crhmt 
from xnv own observations and experittice, supplemented, of couisc, fnun 
many other sources. The presentation undnuhttrdly b colored by my 
ptejudico, but I hope fliat 1 have been reasonably .ittentivc to the npinions 
of otlier persons. My purpose has not been to ]nqxire a wort of reference 
and I offw no apoltigv for failure to document all statements. Many of 
these can be followed up in tJ«e bibhographies appended to each chapter 
and the references cited m the listed article and books. Fmalhv I am not 
particularly coticemcd tlrat snlutinni ate not provided for many uf the 
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xvi 

prohleuis which arc iiiised. NiuiiCTOui gcoU^it prtiblcni^ will not smu be 
solved Aiid suieh their recoguiUaii ;iiid the tousideiiitton of idem are more 
stiiiiiikLiijg than the detailing of most hodira of pi^iimed hints. 

T gladly admit niy debt h the prepaiatiDii of this boob to man) friends, 
both personal dncl those hnown to me onh- by their writings. T am particn- 
larh gratcftil to Dn Carey CiotieiS, who rE:acl the mannsttipl at ^-nriotis 
stages of coTTipletiun. His intcrotp helpfulness, and many valuable siiggest- 
riuna arc nmcli appTtxriated. I extend my thanks to tlic ip-ariotis pnblidicis 
who liavc graciyusly granted permissirm for the TtrpTodiitti<in in more or 
\cifi modi Red fonu of figlires selected from their b<Kjks and joiimak. J also 
wish to thank my daughter Hirnict for the painstalring cane which she 
dci'otcd to drafting of the ilhistrations. 

Chiengrt, UHtioU |> Mabvin Weexee 

jun^ i95y 


Part I 


INTRODUCTION 



Geolc^ is a sconce that had a piecemeal oiigin. Minenils and fossils aEhach->j 
attenduD far back in pn?-Cbnstian timcj. hut rocks did not becoinc the subject of 
serious study until the late seventeenth or early eighteenth ceittutv. At fust tbev 
seem to liuvc been regarded moic or less absttactly. By the mid-efghtemth 
tnry, hrnres^r, a few penons be^ii to take note of the mu tint] tel^ns of rock* » 
they occur natuiuny in the field, and geology was born, 

Althou^ the tcTui ftraUgrafihy was not invented until 186';, it wji» the pio- 
nect stratigraphic work of the late eighteenth century that sm'cd to imitr- the 
interests and cxdte the hnuginadotK of niiiiera](jglsts. '{ietiDgraphcrs, and palftjn. 
tolugtets. 'Hien and later for about IM years stratigraphy was so mudi at the cen¬ 
ter of most gcukigte studies that uii ntetl was felt for any special designation. Dur¬ 
ing the first iuir uf the nineteenth coitray ttratigraphy far uutstripped the older 
blanches of geology in both acooinpluhtncnb and popular intetest, in those davs 
a gcul agist wa* a stratigruph ci, 

lo later sxais the eser incieadng Isiumdedge and bioadeT undcishniding of the 
histocy of the earth have stiiiiuktcd geologists ht the investigation of many other 
aspects of geology. Tlie part that stratigraphy has iilaycd, however, m the devrl* 
opment of geology, and the fact that theis aiuhl be no unity in tliis field of sci- 
eoce without it. jtistifies the conelusitiii that stratigraphy is the indispensable 
heart and core of geology. 
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Stratigraphy and Time 


STRATIGRAPHY 

Stratified rDCl;s occur at tbc surface of about iJirce-quarters of the total land 
4 TC 3 of the wotIcL and rfiatlgtapby is the beaneb of geologv- that dcih uitli 
tlirir obsemtiou and their study, Nfany geologists are ctmeemed almost esc- 
clusivdy with stratigraphic mvestigations, and most others, whether they re¬ 
alize it or not, are more or less dependent upon stratigraphy for basic data or 
a gciiciaJ hackgrmuid witlront which thdr specialucd studies would has'e 
corupsnitivcly little meaning. 

nitrons of Strati^aphy 

It is iutexeatrng to review briefly some of the opinions that liavc been ex¬ 
pressed about stmtigraphy and to see hnw gcologirfs of i.aricd interests have 
considered it with lefeiencc to their specialties. Thus a geologist concerned 
with continental cvolntirm lias written: “Stratigraphy ts iJie interpretation 
of the rec«JTd of progiMsivc movements evidenced in sedimentatiotL” A pa- 
leontologist believed that “slraligraphy ii the knowledge of the esnlution 
awl succession and of the horizontal and vertical dhtribiition of plants and 
mihiials during geologic history,*’ -And u palcogcognipheT stated; "R h the 
aim of the stiuli^apher to lebtc the events that have occurred during the 
existence of the eardi in the order in which tliey buve takem place. He tries, 
therefaic, h) restore the physical geography of each given time in the past 
and ill thh way to write a connected history." 

These, of eouise, are not good definitioui of stiatigiaphy, but the quota- 
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STRATfCRAPHIC PRtNCiPU^S AND PRACHCE 


bons indicate clear!j the fundamental part that strabgraphy phys m conncc- 
bon with sonic ^^ idely varied geologic sptcwltics. 

One weJl-knowTi geologist has ex-pressed the opinion lliat 'Ihe purpose of 
stratigmplik woik is hvo-folJ. first, to deenbe and dassih strata; and sec¬ 
ond, to carrelate tliem fmin one area to another and tu ht tlitin intn a clin> 
nologx', pteferahly ^ world wide chronologx/" Another haa contended that 
gecxiironology tfiised on paleontologtc and todioactivc correlations is not a 
plJ^^ of stratigraphy because stratigraphy is concerned WTtli spaciat but not 
temporal relations. A more conipreheiisivc and satisfactory defiiubon was of¬ 
fered by a ill ltd: "Stnitigraphy is llie btaiich of geological science llial lias £d 
do with file deEniHoii and description of tnajor atid uunor mtursl divisions 
of the rocks* mainly scdinicutary, and iiiterprdJtioji iif their significance in 
geologic history." An rail geobgb! w^i$ted no wnnh when he wTOte Jliat sirs- 
tigrapliy is the ''study of the ciiaracier, scquerice, relabomihip, distribution 
and origin of scdnuentaiy cocks/' 

Considering its bnexafy, this last definition cannot bo mucli improved ex¬ 
cept by stating the same ideas somewhat more fnily, (hus: StTctigrapky is the 
bmtich of geologV ihtti deds u jfh the sfudv and mierpTeiidinn of sirdifi^d 
and siilimmtaTy rock^ <nid with ffie idenfifiedtum^ dsiampbon, sequence^ 
both v^rfictd find fmrkontid. mapping, and vorreidlitm uf drati^aphic ri\ek 
tiniiv. 

lliis definitir^n distingnishcx l>etw'cen the truly scientdSc aspects of stmtjg- 
raphvp w-liith nre study and interpretatron^ and the inOTt practical aspects 
deuiaiiding the attention of stratigThipliers. It onnts reference to ""natural " 
stratigiapliic units Ix^caiisc most rccognixcd units are more i>r less arbitraiy^ 
and artificial. It ako luipUes Mint all slratificd rocks are not nrcessarllv sedi¬ 
mentary' and Ilut all SixlLtucnljuv rocks are not neeessarily irtmtiGed. A lit¬ 
tle thought will slinw' tlMt stmbgiaph^ involves the consideiatiou <jf Mime 
igtLc<iUs rocks and liieir derivatives, luch js lava and pvroclastic mate¬ 
rial tliul ncniiTiijlilted Dll the suiface of the earth, but not sills* which cxieur 
in straiigraphic •scqncuces but did uol form at the surface. Abt> some sech- 
tnentary dtpositJj* sucli as glacial till and locsh, are unstratificd except in tlieir 
grosser aspects, hinally some imusivi! Eiccumillations, bke cave fillings and 
colliip.se hicGCjaS:, must find a place m snalagraphy although tlicv ate not to 
bccbssified with any ordiiiaA^ type of loel;. 

MeuiiuDTpliic rocks provide a slratigiiiphic bcuderland. flidrstudv b right- 
tully a part of sttatignipliy so long at (heir ilrutificd or scdhiicnbiri- clujuic- 
tefs are Jistinguishal»le. 

Hjsts of Straligrtsphy 

All sT.talignphy is baSrCil on field studies hcc“.;iii&e ouly in the field can the 
kiig^i features and muiuat relations of stratifkil rocks be fibsened ade- 
tjiiatdy. Rock sampler and lo^sih are ecuiiiiionly ccilkctirf fur delaik-d iLihora^ 
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tory tnvcstlgations. Such studifS ^re vny iiujKiiijirit for iitntigi^phic progress. 
Coucenrtstioo on nuinv of the jirobiems that tlicj' iiitiodiicc', how'CS’vr, 
leads owf to the fields of sedimentan’ petrology and paleontologr, and con¬ 
tact with, stratigraphy may become %"3giie. This docs not mean that petrol* 
og) and paleontologv should not be empliasized, but many of the studies of 
spKjaUsts ill t|i< 5 t fields have little leLition to stratigiapliy until tiiey are ap¬ 
plied toddiiiiteK stnitigraphic pnjblenis. A closer intcgiation of sedimcntarj' 
petrology, paleontology, and field stiadgiaphy can do mucli to iiicicase the 
significaiice and uscfulncs of rvorkin all of these Gelds. 

Tlic study of cores, cuttings, and logs of wells lias dev doped greatly in re¬ 
cent Vtars and there ate now nuny specialists m subsurface stmtigiiiphy. 
Their wort has added an eattrerndy iiuportuni third dimaision to stratigia- 
phy. The thtmsands of wells drilled even' year ut Lire United States Imve pro¬ 
vided a wealth of Liifoirreitioii that is not duplicated in any ollict large le- 
cion of tJie world. It should be realized, lio^vevcr, tliat infonnatioti obtained 
from wells is based on extremely minute sample^ mid there are maiiy features 
of both rocks and fossils that cannot be fully appreciated or intcrpretetl cor¬ 
rectly without siipplemeiitaTy uifomiarion obtainable only bj tlic study nf 
actual outcrops. If is impo^iit, therefore, tbnt subsiiTfuce stratigrapheis 
maintain an interest in surface shatigiapLy and retuiii to flic Study of Out¬ 
crops in the Geld at every opportunity. 


Successive Stratigraphic Steps 
Dti'Crtminfrtioji of Stratigraphic Unt#.s 

Stratigraphy begins with the discniiiinatinii and description of strati¬ 
graphic units snt'h as tormsititjiis or ulutevxr else tliei may be called I'tiis 
basic step is necessary in urdei that the complexities piescut in every strali- 
gjaphit sectioit may be reduced, simplified, and eiTgauized. %\'itiionl llic 
recognition of stratigraphic units a stratigrapher wvmld he lost in a ueuje of 
details, and effective enmm unicat bn hetwxen stnitigraplicrs would lie hu- 
possilile. It IS im[xjrtant to realize at the very start, lujwrvtt, tJuit most tec- 
ogni/eJ stratigraphic units are more or Icsss arbitrary sequcncxs of strata. The 
nature and limits of tluse units are likely ti> have been determined h\ the 
practical requirements of geologic work m some particular area at some par¬ 
ticular time. In any stratigrapliic study. e-Jilier-ciistiiiguisht-d units may be 
accepted and tinploycd, or new or modified units that are more uiiehd may 
be set up. This selection oi prtferied stratigrajdiic luiits is largely a mattei 
of opinion, and it ts not logical to contend iluit any iiriil h dtlic! nght or 
Wtung, Kach Sttalignipliic irait should lie fudged only pn the basis of 
wUeihei or not it is corntnuimt. icastmabk, and meaiiin^iil with reiipctt to 
the study that is iu progress. 
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Deicrmimilbfi of Stratigraphic Scqumce 

Stratified rocb were laid down io an onJcrljr sequence. At any locality 
where outcrops; or otlier of infomuitiun aic abimdant and struct und 
ctimplicatTons are not greats Ibis sequence should be deteimiitible bv any 
reasonably competent geologist Elaewhere great skill and good judgment 
may be Tequired to evaltiate alt types of available evideuce jiud 1o inteipret 
fhemojrrectly. 

Geologic 

The nest step gencrrally is geologic mapping. This expressinn is used m a 
broad seme to include both Ibe areal mapping of outcmppuig units and (ire 
continuons tracing of subsurface units. In this type of work the stratigiapher 
ia concerned with the spacial disbilHrrion of three-dlnieniional rock units. 
Siicti w'ork is bigcly mcthanical, and mote an engineeiiiig than a scientific 
occupation. It requires, Imwevcr, skillful observation and in many areas the 
intcrpictatmn of more or less obstme cvEdcuce. 

These first (liree steps may he accomplished in the foregoing order ur they 
may be carriial out together. Tbq- arc, nn'CrthclciSp different npemtiom lliat 
depend upon each otbei and invrdve [ 1) decision as to what strata should be 
grouped as ujuts* [1) detemiinaibn of the relations of these units in one 
duuension or vertical sequence, and [3} dctcminiation of the tinihs* relations 
to the surface in two dinieusinus and tiidr subsurface redatioDs in three di- 
mensiom. 

The gradual growth of a geologic map ot the imdcrslanding of tlic dis- 
tributiou and relations of Eubsuriacc foniiations can be the source of much 
personal sstisfacliDu. \\*hen the results of such work ire compiled and put 
dfTwu on paper in final foriu* tbcfc is a tangible result to show for months or 
yeans nf study. Many stiatigrapheis Juive oonsidered the satisfactory compit- 
tian of ihh task as tlteirinoin objective. 

^Tlic diserimiTiritifm of stmtigiaphic ttnils., tlic building of stTatigraphic sec¬ 
tions, and geologic mapping are based on scientific principles but they do 
not require scientific reasoning to any very high degree except in regions 
where geology is com pika ted or obscure. So far, stratigraphy cort^ist^ of a suc¬ 
cession of rather routine pifioodmeSp hut it is esLremdy important that this 
work be dune thomuglily and accmatdy. Tliese opera|inns fumisli the e,v 
sailial basic and factual datji which must l>e relied upon in any lurtlitr shati- 
gmphk ctjusidtrutions. If the foimdatbn of facts is not well laid, the super- 
stttreture of condusioiis und interpretations cannot be soimd. Strahginphy 
at this Icv^k theicfore, should lie recognised as being predominantly practi¬ 
cal, and iiLvestigatious should be conducted and results expressed as objet- 
tively as possible. Rdtance upon theoretical cousideratious m the process of 
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scctDniiljitirLg facts is alitioat certain to result in btci niisiindcrsiandiiig* and 
disagiociiients, 

Stratigriiphic Carrslation 

l^lostiif the commonly rccogniicd piobitnis of stratigraphy ttiat do not le- 
sult froni tiiadccjiiiite local infotination are coiicccned with attempts to relate 
stratignipluc setjucnccs obscrvctl at iliffeient places. Thus the problems rd 
correlation are introdncetl. Correlations should be basctl on all e\-iderice that 
the rcJCts afford. This evidence is of two kinds, physical and biologic. The ap* 
plication of |X!tToIogy and paleontology to the solTition of these prohleicu is 
obvious. Stra+igmphers neal not be specialists in these allied fields but they 
should be well enough acqifaiiited with them to appreciate the merits and 
liuhlatinm of their application and to evaluate the finding? and opinions of 
col h tlw n i ri iig specialists. 

CoTTeJatiem, or the detcmiinatiDn of the time rekttons and equivalence of 
fXKk units, is based an evidence that may he differently inteqireted by dif¬ 
ferent persons. Any correlatinn mvo1ve$ drawing a conclusion tliat k based 
upon a set of facts h Tlie conclusion is no inore tlian an npinion, uc tiiaiter 
how well founded ft may be. and it may or may not be correct. This h the 
point at which stratigraphic studies leave the lealiii of facts and it should be 
recogniiCfl that catrclalioTiS never can be absolutely proved. 

E,vtept in tracing strata for comparatively diort distances, most modem 
conelations are based on palcoulologic uvideiice. Many stialigrapliets do jiot 
possess the requisite specialized knowlttige to make detailed plcontologic 
correlations; generally the services of an expert psikonfulogivt are teciuiieff. 
Unforttmately, some pleoniologists me not much interested In iitrafigniphy 
and in tlieiratteiupti at eonelatifin they may place entire reliance upon the 
fossils. Slratigraphers shotlld understand this situation ami reaJjjcC that pale¬ 
ontologists can be mistaken. They should know that under some circimi- 
stuiiccs physical evidence is equal in significaucc or possittly even superiur to 
the evidence of fossils, llie poiint here is that all evidence should he equally 
considered. 

Strdfigmphic Interpretation 

Most modom geologists recognize tlrat the study of stratified locb con 
and should be carried bevond correlation to the fullest possible inteTpreta- 
tion of the basic stratigraphic data in terms of paleogeogiaphy and geologic 
history. Judging from (he gT«t majorjly of geologic reports, howeiTr, this 
rather clear objertivo i.s raidy realized. Most stratjgrjpiiic inleiprelations 
have been extremely siipcrfiriiil and eoinnitmly they have not been extended 
much beyond the bare outlines of the inost obvious conclusians. If stratigia- 
phy is to accomplish no more than this, if it b to remain prcdujnLiiantly de¬ 
scriptive and not extend beyond the preparatkra of geologic and stmctuial 
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conkmi maps ctoes scthotii, and vfmdatiun tables, it is bound to be r<f- 
garded as a usefuJ but uniniipirTag study of little interest to miaginative 
and dynamicalty itiLbited gCf>1ugists. 

There is no reason why stratigrapheis shotild be satisfied to accept such an 
es'ahiatioii of thciTsvork. ^\'itbout question, the further detailed extension of 
stnittgraphic studies directed toward their rtxognizcd objectives provides 
promising opportanities for futnrt geologic researelt of great significance. 
More effort, linwevcr, will be Tec|inR‘d to Search out inionmition, and mDic 
iugeiiuity and imagination will be denmided in its interpretation. Fuli ad- 
vajitugc must be taken of the many and inq.Kirtant contnbutions that com lie 
dem-cd from sedinientologic, petrologic, and jmleontologic studies. Close 
cooperation of specialists in these allied fields is alniusE iiidispeiisable. 

Palcontologic infonnatJtiu lias been widclv tisctl b\ sttatigiaplicri but a 
great deal of it tias not been based an Tniitlem biologic principles or ideas. 
Mtkch improvcnient is possible liefc. Ddailcd petrologic interpretations are 
less coiijiiiQii but n significant start bij been made in several types of sedi 
mciitary and stmtigmpbic iuialysis. Pertinent data, however they may be ac^ 
quiied. must bt ecifirdinated in terou of bntb space and time by geologists of 
hiDiid iiitcrtsh and iindcrstandiog. Undoubtedly greal opportunities for 
progress lie in HnS direction 

Importance of Stratigrophy 
For Bask Infornuition 

llic importance of stuligrapln ai a source of basic information valuable 
In geologists interested in oilier fields of iiiv'estigatiun and applieabte to the 
deciphering iif gcologit bistort cannot be oveiempliasi/ed. Stratified rocL; 
on temp rlirmtghont larger areas in most jiails oE tbc svoild than do other 
kinds of tock$, and stratified sediments are pieseiil almost everywhere on the 
sea bottom. Few geologic studies, except those devoted eiitirelyr to igneonv 
term ins and miiicralogy iuid lliose concerned with the more mfricted as- 
poets of geophysics and genchemiitry, do not require some considemtion of 
slmtigrapliy. IMv is Teflectcd cicntly by 4 review nf ariicies published in all 
iinspedEilrecd geologic itnimals. Mme than half of these deal directly with 
stratieraphy «r depend on jt for contttilHng data Tire- great inB|orit}' of all 
geologists custnrnanlydcal witb stratigraphy or stratigraphic prolilenis in the 
course of I heir regular activities. In the economic field, petroleum geology in 
particular is dependent upon a thoiinigli uiidcrataiiding of stratigraphy. 

As a I'ljffvmg Agent 

ITie importance of stmligraphv cm be evaluated in anotlicr uay that Iic- 
comes clear when the bulorical quality of guolo© as a science lv considered 
Aiiioug all the branches of geology, stmtigrapby is the one most closely oon- 
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Rgur« 1, Diogiom »how^^g th* conn«i:f>»nt betw«n fhe pftntffKit tftmch** «f gMttogv 
and related (Ei«trc«f, Arrqw) tndkate the ntaiie Npodant cantribudom that itudltrl In on< 
linid tnshe tq thoin in enalbsfv hhiHf aiKer leu rmponant canirediaiu alio occur. Strotig- 
■Ophy u tfie focal point wba/v mOII geologic knowledge (i ijrnthesized bim ttl* recOlt- 
dtuerion of geologic hlrtory, tAfhrr Weller, IW7, /. palflorr.. toI, 21, p 571, fig l,i 


cctited with litne. Stnitigtaplatc correlatiuRS scn'c to ilatc mtist geologic 
cv'aiU and to relate tiicni all over the catth, TJie order of sonic geologic 
events and processes such as fluctuations of the strand line, successive igne 
ous uiirusHJiis, tnctamoTph»siii,aud stmctural Jislurljaiices uiav be determina¬ 
ble in Ifical mas with a minuuum of aid ftotu stratigraphy. \\'jt]iout mote ac- 
cuifltc ciatinE, Iiowcvlt, such local histories could out be related to «ch 
other, and gcologr would be little nunc iJiaii a hodge-poilge of uncoitiicctetl 
facts and generaliVahons. Figure I shows that itraligraphy constitutes a fcind 
of focal pksus in wliich tnoch of the iuformation contributed by other geo- 
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logic and rclaictJ fields is codrdmaLcd, sfnthesued, and s^’Stenmdzed into a 
Dieaojtigful whole. 


rhcpart nf stratigraphy that iscanccnied wiili the descnptiDn and catalog' 
^‘“‘*“1P E N N SV LVAN (A M 


TERTIARV 



Fi^r, r llii. «f «a™. that ho^* ^ 

XnT. ^ »b*.nd™£ 

Ollwn ore ond many ho.* be«„ v^rf Utib Ui*d. Al«na«t any of Ihe cbKUr. 

Wiflfrw mighi be n;«>gTtir«d widely in the futum tand o ItTDtigfOpli&r Fiwit to b* fr,™ 

nomeimlotifi* Dpphnhl* within lb* mgion wli.ra ho wortt Data fw th* 
p-nod befoi* t«6 from Mt»r*, W41, G«i. S«. Afflor.. SOtf, Arw. VoL, p, 197 ^ 5 

"""" iruligmphk divhJor,* w«* «of 

it^of fonr«.lions with nspect to chaiactet, sequence, age, thickness and die- 
^ulion IS iiiipjihint but it can he ovcremphasnied Such information Iiu 
Wome so v^umujous fsee Figutc 2) that no individual can Impe to absorb 
and icmcmbei more tlian a very small part of it Data of this tvpe are leadily 
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available in a great variety of Teports. maps, locicons. and conetation tables. 
Mnph more impoftmt are the appIkariDns of (be few and lemaricabty simple 
priiidpies that govern stiatigniphic procedures and tliintiug, and the inter- 
pTCtation of strab'graptik: data. An adequate understanding of tliese prin¬ 
ciples. and aJso of sonnJ stratigraphic practice, will insure more tlioiough 
and accurate stiattgiapbic wort, avoid muiecessary complicabotis. and I ear! 
to more signiScant interpretations. The latter partkubrlv shnnld W stressed 
because without tliem stLatigrapliy does not fulfill its potentinfiries. If fol¬ 
lowed to Its logical conclusions, stiatigcaphy becomes dynamic and calls into 
foD cxccciseall of the scientific abilities of tire best geologisL 

TIME 

Geology' is unique among the sciences because it is historfcBl. In no otlier 
science docs lime play so significant 3 pit because, as m physics, cheinistiy, 
1)1 biology, for esampkv it is cjnly one of several almoist equally important 
Actors. In gplogy, Imw-cvet. time provides 3 frame of reference that is essen¬ 
tial to the interpretation of eitrcmely diverse types of study involving ah the 
materials and inhabitants of tbe eartJi and all iJic forecs and prixessei tliat 
has’C shaped it. These studies have interest tu tliem selves, but mauy of them 
are physical, chcmicil or biologic studies until their rehitions within iJic time 
frame unite tlicm as geology and give tliem greater meaning. 

Elftimdtcs 0/ Time 

In the prttciil stage of its devdopment, geology is more concerned with 
relative time and the sequence of evontt in the history of tlie carlli tlum with 
thcachut dating of these events. Nevertheless, the Ititnioii mind desiics defi¬ 
nite dates that give perspective to liistoiy. Man) attempis have been Jmde to 
dctemiine the age of the earth and the length of time llml bos elapsed since 
the happening of some porticukr es'ent. Evidence upon svhich to base csti- 
matfshns been sought m different directions. 

In Arehbisiiop Ussher of Ireland calculated, on the basis f>f calcn- 
tUrial cycles and tbe bihlfcal account of CcncsLs, that the earth was created 
at Fjrf. tin Sunday, October 21. 4004 ti,c. In the mid eighteenth century 
the h’tciich naturalist, Comte dc finfion, observed the rates of melting and 
cording of iretn laalls and estimated; that 75,IMK) years Jiad elap>sed sinct the 
earth was molten, tn England the pby^sicist l.ord Kelvin made cahtilatinns 
on rtic basis of a supposedly c<roling and contracting sun and taiicJuJcd that 
the age of the earth was between 20 and -UK' million years with tlic Inwer 
figure favored. Other physical estimates rvetc ba^cd on the tlieoretical retar- 
datiuii of the earth's mtatioii resulting fiom tlic tides. 

Genlogisti generally have favrired geologic cvideirce. Estimates most ctrai- 
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uiotiTy were fnade by dividing fht nhsemsi ibicfcncss of alt scdimcntaTy shata 
by ;Tn iwumti! avxrage nife of tlErpmidon. Iri i&7f> China figured 56 ludlian 
i^n for Ujc PaktMoic Era and in 1910 iJchutbtrtl suggested 50 TTiillion yens 
since ibe beginning of the Cacibnaii Ptriof] Otlicr estimates ranged from 5 
millioir to more than a billion yeajs. Calculations made on the basis of the 
salt content of ihesea laticd fnini 50 million to 54t) million years since the 
oceans gist appeared. Af the beginning of the t^cntietli cenlujv most Amcr- 
it-aii gtologisH accepterl a figure of not more than iOO million veats since 
the beginning of thePaleozoic Em. 

Plleori to logic tstimarK have been attempted based on rates of evolution. 
By compariTig tlic amount of evolution exhibited bv matme niollmcs in the 
various Tertian, stages iiath ibe aiuotmt that has occurred since the begin 
nmg of the glacial (icriod. UclJ in IS67 estimated 8(1 million jiars smee the 
Iwgiiinmg of the Tertiary 'Hjis figure was readied tin the assumption that 
the ritistoceiie tK;^ij 1 million scars ago. In 19H Matthew graded horse 
evolution during lertuity time in terms of eomparative units ralliei than in 
years. If he had made an assumption 5iinibr to Lvdl’s. bb estiuialc would 
ii ave Ijw n t loscly conip a rahic. 

Geologists lie! VC attempted to use rhytiinut bsiiiliiig in .sediments as a gerr 
logic clock On the assumption that these bands lecrnd aiitiuiil cveies. sivnsfKit 
cycles of about 11 ytais or piecessionH of llie erjuinox of ahntit'26,[KK1 vears 
Hit- results of greatnt intcrat have liceii obtained from glacial vanes that 
record jjinua! eyries. Varsc studies were begun bv de Geer in Sweden in 
IR7S. mid a record vms built up extending back for about IS.iXKJ years. Simi¬ 
lar studies ehewhete have been less successful. This mediod gives actual 
iLilcs only if vanxscan be TOirelated With some Tccorded dale in human His 
ton-, as was possible in Sweden. Older ihv tlmiic deposih with laminatrons 
similar to varves have been observed at various places in nxks as old as tlic 
Precambrian. hen id ihcm are bclier'Cd to he aiiiiual, but if their periods 
could be dtTtcrniincd they might bt used to ineasine some mtervaJs of lime 
Dll-hough IhtV Vr'PuItl pTo^ idc; no diiles. 


Xieamremeuta ol Trrn^ 

.All of the faicgoing methods of attciiipring to determine the duralifiii of 
seologit time, except varvccomrtnig, arc dqjtndciit upon etiniatcj. iiicnact 
iiitwsinenicnts, and iirterprctatioiis that cannot he siibstantrated the dis 
covery' of radu.actJVity opened tlie way fm another method of age dctermin i- 
tmri that gave promise of reasonably precise oieasuremenls in terms of vean 
Hns depends upon Die decay of uraniirm and other ladioactivx ehmicnts 
that proewds at a luiifonn rate and prmliiett stable end-product demenh 
fodcrpimg no furlhcr drangc. Tlic coiiimcmest nidioactiv^ n.dlind Jias^n- 
vohed the determination of iiianium-lcad ratios. The relaticrns of these ele- 
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Tlicrc art three radicjactivc senes starting snth different isotopes of itra- 
niiiin and one of thonum,. all with different half-life periods and ah ending 
with Ijclium and three different isotopes of lead. In addition there is a fourtti 
lead isotope that is not j pnxiiK't of raJioactis jh' sad sacral other raicr ra¬ 
dioactive lead isotopes. 

Tlrcorctically, the three ladioactivc senei sliould mate it possible to deter¬ 
mine age from ans' unt of several lutiw such as 

P£i“‘* jt’b’'''. Th^, mid so forth. Calculntioiis bused on different meas¬ 
ured ratios should cheek each other and produce the same answen; imfor- 
hmatclv. tliev rorelj do. Besides anahticaj ermrs. the gaseous products 
helium and radon, an mtomiediale in ihe radioflctivc series, may escape, 
and weatheriiig. leaching, or ^etoiuUrs eiirichmetil may have altered the 
quanliti« of the elements and isotopes. Some of these complemcnLin' age 
delerminafioni differ by several hiindied iiiilliDn vear^. .Vmdtig tlie mure 
recent and accurate mcosurenieiits. some of the difkicnt talins give ages 
that vary systematicaJIy. As bborahtiy skills ircrease, liouaer, and greater 
experience is gamed ni evaluating the results, more and mcme: satisfuctory 
age detcrmtiiaiioQS arc sure to be obtained. 

Tlie half-life decai rales of the radioactts’c scries range from less than 1 
billion tfi nearly H billion years, Meiy small Jiiafytical errors, ihciErforc, 
produce luge mors in delennined ages. Tlicsc ages generally arc expressed 
in terms of millions of jears plus or minto a second figwre, llius- 0^0 ± 
7> m.y- Tlie second figure is not a lueasiire (d tire accuracy-«f the age but 
only an indicalioii of tiic rcpmdudbility of tbe anaktkral rCMill. Under the 
best (if circumstances, accuracy within a limit of several mil lion yeats eaiiuot 
be cii^ctted. 

Unmiuiii miticiak suitable for geolt^ic dating occur only in igneonx meU, 
chiefly pegmatites, and tlieir detwuiiucd aECS indicate flic time of crystalluta- 
tioii (if a partieiijar igneotu body. The transfer of sutl a dale to ihe strati- 
graphic time scale is generally difficult and unrertain, Tlie igneous rock may 
intnidt strata <if rme age and tic overlain hy strata of aiifilhet, but the time 
gap between these is likelv to Ik* great. In some vituatioiis the intmsions irray 
be related to orogemc disturbances, and attempts at conelutbn have been 
made sceoidiiigh". The German geologist SHlle lias cilrreUtcd mmmtairi- 
makiug epochs throughout the world ant! believed that he cmild distingni.sh 
about forty of Ihem. och supposed to have lieeii about 300,000 years m du¬ 
ration (sec Figure 3), Ilis torteklioiis, however, arc not vnell estahlislinl nor 
is hU series of ilLvtiirbiiiicei getienlly accqitcd. 

Kew maniuui diitcs can be tied in closely to the stmtigraplice reeoidf. TTicj- 
serve, therefore, only as general liench. luarks that conftmi tlie great .^paii of 
geologic time and roughly indicate the time intcre'aU separating a few geo¬ 
logic events, Ihe dating of other events a dependent on calilmitioii by other 
means, and Htiiiiato commonly have been made cn the ha-ik nf stratigrapliio 
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RflWf* 3^ SUJla’a cflagTain k(Eustfotfirtrg hb c^noepf <if fh« ordat md ipadng ^ 
mounlain-^Fining diihJibenui r«cognbwi tn porti iif 1+i» wqtid. Thn «io- 

t\m rmansify cif rrwveflianH n hdita^Ed hrf Hi* (mgth lineL. (Adap!^ hnm StiUH, 
I955f GegL Soc. 5pm:. Paper 62 , p. IB9, fig. 4.J 

and pdt^ntobgic es'idetice cif the types that have aJseady been dhtussetL 
Perfection of die mass ipcchirniicter since 1938 has tnadc the determina- 
tion of isottipe ntios leLiiJvdy easy and accurate and Im opened the way for 
dcterniinatitKis based npon elements that are contained in setlfments. 
The most extensive determinations have been made on carbon H, Tlic half- 
life period of this isotope is only aboui 5300 years, and dates based upon it 
cannot be continued sen far back into the geologic past. Carbon dating is 
not effective much Beyond llieb^inning of tlie bit glacial age. For this time 
interval, carbon ratios suggest that certain recent geologic events eie sepa¬ 
rated fraai the present by only about half of the time that had been ati- 
mated from otlicr geologic evidence. 

Catbon dating has been $upp]en)ciited by ioniiim dating of deep-sea sedi- 
merits, which measures time back to more than 1 miQion years. Analyses 
show that radium is deficient in sca water, and it is believed that a patent 
product, ioniiim or thoitiun 230, derived Irotn uranium, is adsorbed hy sedi¬ 
ment and deposited as rapidly as it is supplied. Consequently the ratios of 
radioactive elements in newly deposiEcd sediment are not in equilibrium 
became ibere ii an excess of ionium. As time passes and ionium decays, tlie 
radinm content of sediment at first increases until a maximtirn is renebed 
and cqiiilihrium betvreeu ionium and tadittm is attained. Tliis requires 
about 8000 years. 'ITiete-after the ladiuni content decreases as both iouiiun 
and radium decay, 'llie process continues for about 4SO,000 years until io¬ 
nium attains equilibrium with Tirauiiim. Tliereaftcr the mdium content re¬ 
mains essentially constant because al] three elenieiits in the sediment are in 
cquilibnirm and inauium decays so slowly that a few million ytaiB make lit¬ 
tle difference in the rate of ioniuni producKon. 

A curve indica ting the ladimn can tent of sediment occurring at ru creasing 
ifcpths caji be cnnstructxrd. Such a curve shows the rate of deposition and 
age of sediment for approximately the last 430.000 years. Tf the assumptinti is 
made that previous deposibon occurred at skuilar cates, the age of sediment 
at lower levels can bc Calculated. 

Dates for strata whose ages txleud back into the Ftecambrian arc now bt> 



































15 


STRATIGRAPHY AND TIME 


iug dettraiined ftom the potassium Saigon 40 ratio. Dates so far ob¬ 
tained Iwvc been based on jedimcntaiy glauconite and otliM autliigenic 
potass! iitn-beurtiig minaals. Tlicy idem bo be ^oincwrhat sTictt of expected 
dates, but this method gives greatproniise for the direct dating of many sedi¬ 
mentary formatiOTVs. One possible sottrte of piesent ennr results fimn the 
fact iliat potassium 40 decays to both aigon 4(1 and caldum 40, and the rela¬ 
tions of this bniDthttig ratio are not known with certainty, Possib^ similar 
dating will be accompli&hcd by nieasun'ng strontium rubidium ratios al 
Lliougti this metiiod ap[icars to be Iiaudkappcd by the rarity of rubidium in 
sedimentary rocks. Tlic ratio of potassium 40 to cakium 40 also may prove to 
be useful. 

Geologic Time Scale 

Eshmates of tire duration of time in mitlions of years represented by the 
main divisions of the stmtigiaphic column a# rrow generally accepted me 
about as shown in Table I. 


TAPrf Eartinialei of the Duratims nf Xtme m 

V fillin tiu (jf Vean RcproHitjcti by llajs Main 

Divuloibi af thf SuuJtigTSphlc CqliEm& 


prr TFiTHU 25 

Fitiiii«yl>iirtluini 2S 

^isiLiEippiBTi 30 

Drvouiaa 55 

Silsriut 4^ 

Of^iTTtoan 80 

fjfTtllHjft SO 

Toi^a ^ 


Heifttncrnc ! 
l^cnc n 
lAkrCtS^ 15 
Oligoccc^ 12 
Eocenr 20 

Cretademu 70 

JuT 3 BliC 25 
Tria^ 30 


'JTic oldest known rucks, as indicated by ladioaetivjty determinations, are 
pegmatites that iutradc still older rocks in southeastern Manitoba. Canada, 
and in Southern Rhodesia, louthcastem Africa, Iheir ages appear to fafl 
somewhere within tlie range of L7 liilhon to S.1 hdlion years, CaJcuLitioTis 
hitsed on astronomical, physical, and chemical piicnoinena suggest that the 
ggc of our galaxy in the uruverse is about 6,5^ I billion years, that the 
solar system is about 5»i billion years old, and that 3 cnisl fooned on the uif)]- 
ten earth about 4.5 billion years ago. This last date, presumably, marks the 
beginning of geologic history- 
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Development of Stratigraphy 


Few things are moiE cajnmnn in the world than rodcs^ Like many other cohh 
mnq things they have not attracted as much atbetiiion or amused as much iij- 
teiest as ttiore unusnat objects^ Mao and perhaps his unmediatc ancestors^ 
howo’cr. undoubtedly liavc been intEsestetl in mein for long ages. Rocks fur¬ 
nished the materials for some of the earliest tools, and rocks were used for 
omstruction purposes horn very ancient times. Most prehistoric men proba¬ 
bly knew mom about rodts than tmiry modem men because in the Stone 
Age some rocks were sought for implement making whereas others were 
not. Perhaps rocks were classified nt this way. American Indians ttaveleJ 
many mtles to placet where superior flints could be coltected or quarried 
for arrow points and bools. Certain areas are said to beeu reeugnoed 
as setibcal ground where otherwise hostile trihes gathered periodically in 
peace to replenish tiicir supply. 

As civilizatkm advanced, superior kinds of rocks were transported with 
enomious labor for long distairces for the building of temples and palaces. 
Also rocks were obstacles to certain types of human endeavor such as farm- 
tug and mad bunding. Pjiticiihrly in the construction of road* and carml *^ 
different qualities in rocks must have been noticed- Outside of these specia]- 
ned concerns. howCTcf, little interest seems lo have developed in such com- 
moo things, Philosophers speculated regarding the origin of mouiifaiins but 
less attention was directed to the rocks of whkh tlie mountains are com* 
posed. 

On the other hand, mmetak and fossib contained in rocks were noticed 
and wondered about by many observant persons. They attracted attention 
bccaose of I hch beauty, rarity, and usefulness or because they appeared to be 
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inCTplicib^e ctwicHitles. Tbe origins of Toining arc shrouded in the mists of 
antiquity'* but mhiiiig was an important indiLstzy at many places and for 
miiny cenhirics bdate the true nature of or^ or tlieir associntiotis hegao to 
be uriderstood- 

Fossils also w.'ere colicctod long before geolog)’ began as a science. A trilo- 
bitc pierced anfl mdently used as an ornament by some preliistotic man was 
discovemi in a European cave, A bom coral holloi^^ecl out to form a pipe was 
found associated with other Indiaii relics m this countiyv In Chin^ petrified 
boinei, believed bo be dragons' boncii and other fossils been used as 
medidne for thousands of years. 

Classical Geology 

Several GtccIc philosophers and travelers left records showing that they 
noted certain geologic features and attempted to account for them. Some of 
their erplanatioiis are remarkably satisfactory amsidcring the piCi'aHing lack 
of phyricaJ, cliemicdp and biologic IntmlodgC- Geologic ob^^rvahons and 
specula tin ho^vever^ were imscientific because no a ttempts wm made to 
check the theories and generaliKitidns offered to account for them. 

The Ronians were a less philosophical and more practical people. lEey 
seem to have had little interest in the natural wonders of the ’fliirld. WTiat 
protoscJeiitific literature they left consists largely of hearsay accounts and 
the collected opinions t>f previous rtiitcrs, many of which arc untme if not 
prepostCTOWS, 

Greek science was preserved^ augmented^ and carried thmugh the Middle 
Ages by Arab pbilosoplien. Had it not been for them some of the tfaDughts 
of earlier people would have been lost to the modeni world. 

The Renciisscince 

Tlie RcriaisaaDce m western Earopc was initiated by the revival of classi¬ 
cal lenming and the w'ider dissemination of cducarion outside of the clerical 
groups. Jt was marked not only by great advances in the aiti but also by the 
beginning of scientific observation. The scientific movement had its origin 
in Italy and rapidly spread northward. As fer as geology was concerned* the 
first stage included a bitter conlToversy as to the nnture of fossils. The ctmicn- 
tion was firmly hdd by many persons that fossils were artifacts which cfwed 
their c=rist€nce tn ^^rioos occult processes. Evea after didr organic nature 
was genera fly admitted and the marine origin of some was recognized, the 
octuTfence of fossih in locfca and on Ihe land wtis largely ascriber! to the 
Noachiiin deluge, ft was common at this time to denounce as mutest lierei? 
any cipiniem concerning nature if it did not eaiifomi to the most orihodoi 
vi ™"5 then prevalent even thou^i such views found no actU4l support in the 
SCliptUTCS. 


io STR.\T]GEL\PHIC PUrvaPLES AND PRACTICE 

Tlie two greatest obsisicics to early geologic progress W’eie (1) an utl« 
lack o{ appreciatioQ of tfiespsn of geologic time and f2i man’s viewpoint 
as a land creature entirely unacquainted with subaqueous aud suhtertanean 
conditions and processes. Absolute faith in the biblical account nf craticm 
also inhibited geologic jpecuktion, WTien attempts were made to csplain 
geologicohsers'atians rationally^ the supposed age of the earth, indirectly esti¬ 
mated from the scriptures, ncxessitat^ an enotmons telescoping of events 
into a brief lime intctval of only a few thousand years at most. Such views in- 
evitahly resulted iu tlic belief that one or more mightlv cataclysms bad 
sitaken the earth, disrupting its surface, shifting areas of Land and sea, and 
tailing islands and nioimtains. Many believed that all geologi: changes liad 
a .single cause and had occurred in one brief interval of time. 

Superposition of Strata 

Reports of early geologic obsena, tin ns in Italy are the first to indicate reili 
zatirm of the significance of stiatigrapUic superposition. This principle is the 
basis of all stiatigmphy. It is so simple that any child can iinderstaud it and 
no clabonitt cicpknatian is now necessary. Tlie fact is quite obvious to 
cvcri'onc tlijt, in a pile of objects, a lower object must liavc been in place be¬ 
fore 3 higher one could liave been laid down upon it. This, of course, is tme 
of rock layers. Each layer now is known to represent an iTilerval of time, 
short or long, and these intervals of (ime are recoided in orderly succession 
from below upward in any ordinary stratigraphic section of rocks. The suc¬ 
cess inn may he ccmtiniious oi it may have been interrnptcd one or manv 
times so that only 2 partial depositiDiiaj record is preserved- 

Thc significance oi superposition or smtigrapliic order svas iioi recognized 
clearly in the earliest stages of geologic obsersatiun. As long as tJie belief was 
held lliat the earth had been created jii 3 dav. no important lime differentia¬ 
tion of rock layers was pi^jihle, Ontil the seventeenth centui)', 3IJ espbna¬ 
tions of rocks were based on philosophic reasoning, authnritj' of the classical 
writers of antiquity, or the scriptures. No systematic observations were made 
to test these views. Later, however, a$ more rational expknations were 
sought for observed geologic featurejf, tlcc importance of time differentiation 
slowly became apparent. first, dtitinction was made bet ween mountains 
supposed to date from the oiigiml creation and those iJiat had come in to ex¬ 
istence subsequently. Develop men 1 of the time concept ivas the first and 
most essential rtep in the scientific emergence of geology and it led to tlie 
appreciation of the significance of supeiposition. 

Geology In Southern Europe 

‘f'he su^stion of a lime sequence first appeared m explanations offered 
to account for the origin of mountains. Nicolaus Steno j Ifi^S-ifiSfi), a Dan¬ 
ish physician who moved to Italy and settled in Florence, distinguished 
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(i) niDuntams produced by tJie upliftiiig dt doundiopping of strata, tliat is, 
faulted mountains, [ 2 ) volcaoii: niouiitams, and i 5 k ciosmual mountains. Iti 


1669 lie piiblishetl a aeries of diagranh 
malic cross sections, the first gealcs^k 
sections of which there is pow a record, 
shewing strata of nvo cliffeient ages 
(sec Figure 4). He bchci'ed that sub^ 
terraneati forces destnovrd strata below 
tiic surface, and collapse produced 
fnouniaiua and valleys. ITien the sea 
entered the vnllty^ and new strata 
weic dqxKitcd, Further dejinieriott of 
tujderiving beds resulted in mote col¬ 
lapse and the formation of hills and 
smaller valles^s. 

Anton l^zzaio \Ioro (1687—1740) 
of Venice distingurslied niDuntains of 
two classes. Tlie first coiisish exclu¬ 
sively of nnvtraLified rocks. The second 
consids of stratified rock$ or contaiu^ 
stratified mdtmab overlying imstrati¬ 
fied rocLv. According to Moro's reason^ 
ing, the second class must have had a 
later origin, and thus two different pe¬ 
riods of mountain fomiatioo are indi¬ 
cated. Tins seems tn have Ix-cn the 
birth of the idea that later led to the 
diffctcntiiition of the stH:alled firinuxTy 
and secondary mountains. 

Ttie definite idea of a time sequence 
was transferred ferns mniintains to the 
rocks themselves almost ^imidtanc 
ously in several European countries. 
For otiiinjile, in England tjiis idea was 
applied to gently dipping strata^ [iow‘ 
recognized as Mesozoic, that were ob- 
scTs^ed to overlie older, moru steeply 
dipping Co^l Measures [^tc Figure 




Fti^un 4. STvno'i pubElihotif 

h hbi ^nsdnomuf nf 1A69, ThFi itiPw& hit 
canc«f$Hon pr thr sequence cf ^ologic 
iln TuiCCnry rhnf produced iProtn ol 
difTdnnf agei nqw occi/rring \n differ- 
jndln#d p 0 iftiiQ.rii, iSkOno believed 
tflwt J+Tfl fejuirid from the deyelf^manl 
QTid lub»qyenf cDltapte gf underground 
CCIV4TT11. (Redrawn from rN# bIrfJi end 
deve/epm&fil ef f^ie gpo^ogicat laertcej:, 
by F. Or Adami.^ Rg, 61* 

rejarinred by permLilroci of Ogvef Fublico- 


riani, |ne., Mew York |4^ N.Y, tVZ.QOri 

In Italv^ Giovanni Ardnino fl 714-1797j pf \'cTicma and Venice distiu- 
gnished three classes of nionntams and four classes of deposits each com¬ 
posed of cbaracterisLicariy diffcresii materials, lie c^onclud^ that the earth 
had been disrtiptcd repeatedJy by violent u]ilieavaJ$ and iubvidcnces. His 
clauiRcutinn is as fullowi; 
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Ffgura J, Srrochey'i rflejfeim of 171^ iJtswuvg o wry oci[y r9|ir*Mitafion of urttiort- 
fannabk foldltoni and a faukl jn iho Coal AAKEuirrei of Somenofihirv. Englond, on'orinln 
by Heioioic ifrafa. fRodrawn ffoin fho orEginolj Phi). TrafU. Bey. Soc, londdn, Vol. 30^ 
pi. 2J 


L Pumarv' uDuotaim, whose Rides contain nieUIIit ores many place 
but ladi fossils. 

2. Scfoiidary mnuntoms, consisting of bcdilcd and ivdl-lithified rocks 
wliicL contain siiajiy mitrfnc organisms but are ndtliout cme deposits. 

1, 'reitiiiiy kw molmtams or bills, consistiag of fossiliferoiis but iincoii' 
SDlidatcd giavels, sands, and days. Volcanic rocks arc associatinl w'itU tUcse 
stmta. 

d. Lastly, eartliy and rocky materials wa^ed down fmtn the inoimLiiiui 
and ovTTlying the other kinds of rock. 

Geology in Northern Europe 

Johann Gottlob Ldnnann (1719-1767), professor of mineTalogy and rain¬ 
ing at Berlin and St, Fetersbing, appear^ to have been the first geologist to 
mcasnte and letord actual scctiom of stratified rocks. Similar studies also 
were made hy Ceoig Christian Fiidisel [17Z2-1776), a pliysictan in Tlm- 
tmgifl. The work of these tttx) men strongly influenced later geologic ideas In 
aorthem Europe. Lehmann recogtii/jed three ebsses of mounbtns as fatlowsr 

1, Urgebii^ or primitree mountains, formed at the time of creation, in¬ 
clude all of flic highest peaks and great mountain ranges of the world. They 
consist of imstratificd nr poorly bedded rocks that were deposited from vio- 
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Icntty agrtatciT water. The)* contain veins and LtieguJar masses of nietallk 
ores formed at a later time. 

2. Fldtzgcbn^e m layered matmtains consist of well-bedded strata witE 
fossik. Tire locfa of tliese moimtams were formed at tbe lime of Noali’s fJotMi 
and consist of material washed down From the primitive mDimtains and de¬ 
posited upon their sloping sides and in basins between ibem. 

3. Mountains of the thirr! class are fcw'tT and less impiTrta&t, They w'cre 
formed at a later time m restiicted regions by various processes incl riding the 
action of great floods and volcanoes. Tliese .\ufgcsciiwcmmptgebirge or so- 
called hansported. rocks are largely imconsolidatcd- 

lii their general nature, the systems qf Arduino and Lehmann dosdy eor- 
itspotid as follows ; 

Gtnniiiij Chjsttiuit** ^ 

l^irtUlfy Urgthif^C sncl m-ctamorpihiii^ mcki 

of nnmjiioifi cora 

SecniliiAr^' Fl&tzgpbEf^e Japping iciiiTiinitiny strata, 

mcmiltasn 

Afid Jiodfonlai 

fcdonmti 

Peter Simon Palisv ^”41-11111) w'as a German of French paraitiige who 
became professor of natural history at St. Peteisbing imder the patronage nf 
Empress Catherine II . He ttavded widely in both Eiimpean and ,'Vsiatic Rus¬ 
sia and studied particularly the Utal and Altai hlountains where he worked 
dot a fiomewhat similar succession. He observed that granite forms the ecu- 
tml part of great munritarn ranges, 'this generally is Banked by vertical or 
steeply dipping beds of a cdnsidcrable variety of rocb that would now be 
cLrsscd as crystalline schists. Like granite they are rmfossilifetous but contain 
ore deposits. Neat comes a great series of calcareous rock.s rich in fossils that 
form secondary mountains on lioth sides of the mam ranges. At first these 
beds a re stcqjly inclined but farther from the raountaiiis the dips becmric 
more gentle and they pass nndcr thick clays and marls that faim the Tertiary 
mountains or foothills. Pallas believed that the sea had never stood more than 
flOO feel above its present level, and that violent volcanic action resulting 
from the combu-stieu of buried o^tiic mattcT and pyrite was responsible for 
the irpbcavaJ uf nimuitain ranges and the fractumig and contortion of the 
strata on th dr flanks. 

The concept of a threefold divkion of rocks came to be widely accepted 
in the latter part of the eighteenth ccntuiy . It marked a great advance in geo¬ 
logic thinking and constituted the first step in the advancement of stratigra¬ 
phy. It directed attention to the physical and time rcTatioiis of rock strata and 
tnlioduced Uie idea of correlation. Tlie development of otliei gcneializa- 
lions coitccroiug more detailed aspects of stntigraphy followed, and subse¬ 
quent progress w'as mote rapid. Some notice began In he taken oF possible 
past changes in geography, climate^ and the orgauistus preserved as fossils. 
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Werner and FormaMons 

TTie greatest figiiie in gcologjr to¬ 
ward die c4ose of Ute eigbicrenth 
i:!euttm" Ab^Abam Goltbib Wer¬ 
ner f nSO-JSn)^ professor of min- 
trjlngy m the School of Mines at 
FrcibxTTf in Sa^om\ His entbosiasur 
and rtie eloquence of his lectures 
tTiinsfonned a rather obscure school 
into an important unohiersily that at¬ 
tracted students frouj all parts of 
Europe. More than any otbet nian 
he raEed ^eolog^^ to the Icvd of a 
popular and mcful science: for more 
than a generation he molded the 
opinions of a bi^c group t?f lo^-al 
FoMowciu. Few other teachers of 
geolog^^ have acqniTed so mudi tn- 
ftucncc or earned so great conlcm- 
porar>' fame. 

Most of WctTier's fuiidiiiiieutal 
ideas w^erc tint original and lie 
leaned hearify on the wort of Tjcb- 
Tiiaiiic The system taught by Wer¬ 
ner during hi? later ^-cars classified 
rocks as follows: 

1. Urgebtrge f Primitive I, granite 
and other cn-stalline rocks* ai^n in¬ 
cluding mctainorphk Txx^ks, widiciiit 
fnssiTs, 

Z, Dliei^ngisgebirgc <Tmn$h 
tioti jp mainly gmjwackc but also 


Figure A gF porf th^i 

fTTotigro^hk leeHon p^wtraied by <3 coal 

mlr^a illcfr near M«-wcaatl* in Englafid- Thh tHifiari appaor«d or»gmg||y In the 17W udilian 
d The BgJqjiIc bh efjic rwilv™ po^m by EroirntM DfirwEp. It H one of ihv Mdieir 

graphk lactioni publiilJivd. The ''&rlau* kJodt i5^ jlrotn ore Indicated by patterm 
difteFEnt fro™ iNgl# nOm aunmonFy used. OeK-ripticHii ore In Ttnm employ^ by the local 
minen and qyafrymeo. ‘'Metqi" h dicatfl, “pOlT U londiton#, "H(¥hin" (1 dcrkniokred iiccrd 
foclc, mo^lly iPfiddOfi* biri |»Mdb1y IndodEno Iflme ImpufA hmesrone. and "girdloi' ore 
loyan or bonda ot any horde f rodk InoLudlng porhapi dFiconlinuei^ concretions. ‘RndrErwn 
from Ajicelf ohd TomkoSeff^ 1933. fOcJi Frantiipiece* by peniii^oil off Ox^id 

l/nkiTuty Pfow Bn behalf of the linlveriiiy of Dvrhain.) 
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soTue TJnicsttitJC aod dwliase. 'Illis was 3 nc»' division consisting of stratifi^ 
but generally higlily deformed rocks; fossih present but not couimon. 

3. Flotzgcbirg? fWrt^d^. consisting o( a great variety of less-dcfcnnjed 
[ayeted fossiliferoiu nicks and basalt wiiich Wetner arranged in a supposedly 
universal stratigrapliic; order ^ 

-t. Aufgeschwcmoiptgcbii^e (Transported). unctnisolitLited sediments 
OCC! 1 rriiig a t Icrw'Cr level s, 

7. Volcanic rocks, including Iwth (nttnisive igneous material and sedi¬ 
ments altered by beat, 

\V'^emei believed that the eartii desxlopcd graduaTly and suffered many 
changev, All rocks were formed in water except the last or volcanic group, 
but rocks of tins tvpc arc rare and uiiiinpoitanl. Tlie uriginat earth was cov¬ 
eted bv a thickh tuibid primeval ocean deep enough to submerge the liigh- 
est mountains, oldest rock is granite smd upon it were deposited ntber 
(TTvstilline rocks all precipitated frmii aqiicmu solution. Tliai the level of 
die ocsiu began to ftrU and other foimations CrnansiHoii' were pioduLcd. 
partly by mctliauical derivation from older roeb and partly bt' precipiration. 
Tlicsea eon&iued to subside and the great senes of Flotz fonnations, mainly 
of niecliimiciJ origin, was deposited- All ot the rocb up to and mcluding 
those of this stage arc imivcrsfll formations deposited simiiitaneoush over 
tlie whole earth except where mountains emerged from the sliriiikiug sea. 
later (Transported) foniiatioiis devxiopcd when sea level fell still lower, 
art local .nid discontinuous, Lastly, voleiinnci eiuptod in a few restricted 
districts where heat wus produced by the sublerranetnvi litimiug of cnal. 

Werner taught that the earth originally was a chaos with the ptinieval 
ottan coinhmtly chiimcil by great stomis. Water level did not subside regu¬ 
larly but oscillated, and currents tail channds developing valleys between 
mountains. Cnnditionv gradually ameliorated, and as the Transition rocks 
were dqwsitcd the earth became liabitable and marine otgaiiisnis appeared. 
Later the ocean quieted and modem ctmditiojis were approached. A final 
witlidrawal of the sea left the earth as it appears today . 

Material dqjosited m the rweaii formed beds parallel to tlie surface upon 
whicli they lie. Tlieicfctc, strata dip outward on the flanks of tnounlaids 
which were orighial topographie features and were not oplifted. Steeply in¬ 
clined beds snmetiines slid downward while still soft and unconsolidated and 
thus they wot eontnited and bTtfken. 

Because of the belief ttiat almost all TOeks. including granite and bisalt, 
were formed in water. Werocr and his fiillavsxra came to Isc knuwu as Nep- 
hmists. Inspired bv their teacher's views, most of Wemto pupils mterpreted 
iwks iu accfiidjuicc with bis doctrines. Ibcse did not correspond with tire 
condiisiotis of oilier geologists, particnlaiJy some who liad studied certain 
parts of France and llalv. The main point of conflict that soon developed 
oonctined the origin of basalL Wtmci heUeved ihis lock to be aqueous m 
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spite of the findings of French geologists who Had tracfti iKsaliic 

flows to their volcanic sonites. Werners inliienco was so grat, licvicver^ 
tliat his viws were accepted as the final authority hy most of his pupils, who 
maiiiUiiticd them in the fcice of all canSictuig evidence. His generalizabons, 
bascxl on vm limited fidcl wort m Saxony, were much too sweepktg but Ms 
emphnsis on the physical ehameters of nocks led to more careful observations 
of iJiem. Slid the hneadth of his generalizatiom enamiaged comparisons and 
conelfltiQus on a wide scale such as had not been made before. 

The idea of fotmations* originated by Fuchseh adopted by Werner, 
ITe believed thatstiaUHed rocks occur in an mvariabk order and tliat the for¬ 
mations charactcraed hy their lithology can he identified cvcrywliere- Cor- 
rekition svas established by lithologic similarity and stratigrapllic order. 

Tw^nof Wemer^s favorite pupils eveatually defected. In France J. F* D'.Au- 
billon de Voisliis deinOTistrated the volcanic origin of basalt. Also Christian 
Leopedd von Buch at last was similarly convinced but. in deference to hi$ 
teacher, insisted that German basalt$ are different. In the course of his wide 
travek, vwn Buch also observed granite cutting through fossPifeiou^ Sec¬ 
ondary^ Irmcstone m Norway. Tie realizeih therefore, that all granite k nut 
primitivT. hikewtse he correctly intcrprdicd cvidciice showing that the Swed¬ 
ish coast has been uplifted^ thus disproving Womens contention that the 
earth's surface lias always been stable, 

Hutton and Uniformitanonfsm 

.ArinthcT great contemporary' figure was fames Hutton (1726-1797), a 
Scot who successivciy studied law, inedicJne, ctiembtiy. and agriculLure. He 
nev er a pmfessional geologist or Icachei and cofisequcntly his direct per^ 
srmal iiiffuence was not comparable to Werner^. His conclusions regarding 
the processes responsible for the devdopment of the earth, however, marl 
him as the first modem geologist Nevertheless, it was not until after his 
death that fiis views^ advocated by a few ardent converts, became w'idely 
knmvii, 

Hutton observed presctit-day erosion in river valley's and along the sea^ 
coait and concluded thataU rocks ha^'c been formed of material derived fraiii 
the W'asting away of older rocks, llis reference to a "sucecssiun of worlds, 
w^itb no vestige of a bcginiiiiig—no p£o?vpect of an end," was out of Itarmcmy 
with all preceding and introdneed the idea of ^ very imcieiil c^rtli. His 
eontcuHnii that the fermatinn of all rocks can be ecpbiricd on the basis of 
proctisses that are now in opcratioTi gave rise to the doctrine of unifvrmi- 
tarianism, now Eecogislzed as one of the most fundamental tenets of goskgy. 

Hutton observed that at some places one scries of strata rests on the up 
turned and beveled layers of anotlier. He realized tliat both had originally 
been horizontal and that the first had been □phea^'ei! and ooded before the 
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deposition of the other. Such relatioTis record disturbances rculting: fiurn 
mbtcnancan beetiTi^ and expansion of tbc rocks. Thus, geologic history wit¬ 
nessed alternate periods nf quirt depositjon and episodes of earth movement, 

Internal heat of the earth is proved by wicanoes, and to Hutton this was 
most important in the explunation of many geologic pbenomcna. For this 
reason bis foIJow'eis st'cre termed Plutonists in contrast to tbc ^feptuni-rts. 
Tluttcn believed that sediments deposited on the sra bottom were heated 
and litliified by partial fusion and not by compaction and cementation as 
taught by ^V’^cmET. Tliereforc, lithology is no indication of age. Gomplcte 
fusion of sediments pitrduced the igneous rodcs that Hutton observed m- 
tmding older sediments, V'olcanoes acted as safety valves that released in- 
temal hcit and in part prci'cnled earthquakes and upheavals of the land, 

Hutton's great ys-ork Tireory of Uit Earth was published ui 17^5 but lias 
been read by few persons because of its turgid bnguage and uninteresting 
stslc- His ideas were moie effectrvdy spread by the actions of his friends and 
pirticularlv by a book, /ffustrotion^ of the Huttmian Tfimiy*. wiittim by 
John I’layfair which appeared m 1802, At first Hutton's views were bitterly 
opposed by tlie Neptnnists but his ideas soon spread fmtn Great Britain to 
the contmenh and the accumulation of evidence gathered in many lands 
bps ngh t increasing support to the Plutonists, Sii Charles Lyrtl i]797-lS75) 
was the most influential of Hutton s followen. He traveled widely, wrote ex¬ 
tensively, and prsented the doctrine of uniformilarianism most effectively. 
His Principfcs of Geology, which was published in tlirtae volumes brtwrtn 
1810 aud 1811 and appeared in numeious bter editions, was tlie fint modem 
textbook of geology. 

Geologists now do not believe alt of the tilings that Hutton advocated. 
Unifoimitarianism as presently understood means that lire physical world, 
as far back as the geologic record an be read, did not diSor importantly 
from the w'orld as it exists today. Modem processes like erosion, deposition, 
and volcanic action may liave varied in intemity fioni time to time, but the 
interpretation of earth history docs not require the intervention of condi¬ 
tions or ptocesscs different from those that now can be observ’ed. 

Smith and Poleonfologlc Correlation 

Meantime an English surveyor and engineer. WiBiaiii Smith (1769-1839), 
was developing the principle of paleontologic oorrdatioti and making the 
first estensivc and drtailed gCDlogic map. His work in coal mines, canal ctm- 
stnictioD, and marsh drainage rcvislcd to him that different typo of stratified 
i ^Vtt occur in a definite sequence and that they can be identified by the to- 
pographyand soils produced and by the fossils they'contain. 

Up to this time, the source of fossils in collections was laiely recorded be¬ 
cause it socmed to be of no importance. No one took much interest in 
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Smilh’? discavETj' imti] he convinced skeptics bv naming the pbces «'1ie7C 
cectain specimens bad been found and predicting the occuirence of patticu- 
Ur fossils at places that he had rcsxr visited. 

Smith’s professional duties carried liim to ail parts of England, and 

southom Scotland and he noted the rocks and fossils everw^'hcre he went, lii 
IBl J and 1815 he published a geologic map at a scale of live miles to one 
inch in scs'Etal sheets, altogether nine by six feci in sixe, and descriptions of 
thefonnations nith lists and illnstmtions of the fossils. Some of the names he 
inboduced for fonnations arc still m use. This monumental work earned lor 
Smith the titles "Father of English Gcolog)’" and "Father of Stratigrapti}'," 
His obsCTi-ations and the condusions he drew- fiuni them aie among the bwt 
examples an record of practical scientific reasoning. It is leinarkable that this 
was the accomplishiiieiit of a man totally without fotntal training in any of 
the srieiices. 

Actually Smith's was not the first geologic map although it sms much more 
elaborate and detailed than its most iioteworthy predecessor. In France, Jean 
Etienne Guettard (171 >-l7S6l, a botaiikt and keeper of the nahrual liistoiv 
tiilloction of the Duke of Orleans, obsm ed that many plants are restricted to 
ccttijJi types gf soil. Directing his attention to the rocks, he found tlut simi¬ 
lar nicks distingnishahk by lithology, topography, soil, and botany outcrop 
in oval bunds vuTiouiiding Paris. In 17>2 he published a map showing these 
featirres andbter extended liis obsenations from Ireland to Spain and incor¬ 
porated them on another map. 

Hie value of fo-ssils for identification arid eoncLilinn of fomraticmi was not 
exclusively an English discovery. At tlie same time that Smith was making his 
observations, Baron Georges Leopold Cuvier tT7&9^18?2 1 , one of the most 
distinguished men in the history of French science, wjis couductirig pioneer 
work in vertebrate paleontology. In assoebtirm w'ith xAlexandcr Brongniart, 
he found tliat tiie remains of extinct animals occur only m certain stratk 
graphically restricted Uyerx. From this he cnnchidcd that thceartli had suf¬ 
fered a succession of widespread catastrophes each of iviiidi resulted in the 
extinguishing of an old fauna and the appearance of a new one. 

Stratigraphic Princtples 

Tire foregoing Ijnef account of the development of certain important geo¬ 
logic ideas shows that at the beginning of the nmetctntli ccntim’ the most 
fundamental prindptej of stratigniplty had been recognised.Tlieseare: 

1. Prinriph nf superpositton. The recognition of the time significance of 
stratigraphic sneoession was first indicated by Steno in lfj69 but not genciallv 
realized until after the work of Lehmann hr Germany and .Aiduino in ftalV 
m l'>6 and 17respectively, 

2. Frmcipfc of urjiforjTiit[tri<ntisFn, The lack of any necessity to call upon 
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strange and estaurdiTiar)' forces to explain feahncs of strata wai fnrt sug¬ 
gested Iq' Hutton ill 17&8 and popularized bier by Playfair and LycU. Thi^ 
principle applies equally in other btiuelies of geology hut it is espedaUy im¬ 
portant in stratTgriipliy. 

5. Principle of pulcontolog^iv iil^nUfication^ cofreliitio7t, and zonaiian. The 
dctCTtninatioii of time relalions of geologic huppenii^gs ijidicated by similar 
ftmils in tliHerent arcits ivas first deady fomiubtcd by .Sinith m 

All modern slmtigraphy is based on these three $imple pilutriples and noth¬ 
ing of compinible impfrianee lias been added Since. Numeroiu fithct ideas 
or theories have irontributcd to stratigniphic progress from dine to time, but 
their main applies bon s are to other sciences <it U> other branches nf geology". 
Darwin's theory of ei,olnbcjiii has added refinements to CLiTPClatjoii, and the 
principle of hioiogjc adaptaboi] to environment fias aided strati graphic j ri¬ 
te rpretatioj is, *\Jso v arious phvsicai principles such as those of hydrodynKraics 
as applied to the emsitm, ttansportation, and deposition ni sCfTmicnts, and 
clieniLcal principles including ihoiie relate to isotopes liavc contrihuted to 
stmtigniphy. Most of these ha^x liccii adapted from other scientific fidds and 
apjihed to stTBtigrjpluc problturiiv. Tlicy do not have the broad and fiinda- 
Enental importance of the thnx great principles outlined here. 

Hie earlv stuges of stnitigtaphic development irvtrc confused by miscon- 
ceptiotis regardiFig the origins of both scdimCfibin and ignaaus rocts. \V'heti 
tiiEi^e were corrected and fluttoirs \imi achieved general acceptance^ prog' 
lesi m stratigmphic studies and uiteTprotarion^ was speeded up remarkably. 

Structural cotiipUcalitms ^udi as those introduced by overtlirost faults and 
overturned strutigraphic sequences caused much diffinilty and resulted in 
serious nnsjntei^>retation^ liurfore they were properly undeTstood. Some much 
discusscti problems such as the Precambiinn versus Tertiary'age of the salt dc 
posiU of the Salt Rjangc in norliieni Pakistan hinge upun the disputed pres¬ 
ence of iin overthrn^it, Abo such lelutioDshrps have been pointed to in fairly 
recent time h\' a fnv fimdaniaitnlbtf to discrocUt the facts of hbtorical geol¬ 
ogy'and orgJiitc ev'ohitinti. 

'llie simphcit} of the three great stratigraphic principles Iras caused some 
geologists, who are specialists in othtT fields, to cotiftidcr stTfitigmphy such a 
simple byercakc type of study that it is neither interesting nor worthy of 
much tcspcct from j scientific standpoint. Hus mtght be true oulv if such 
aspects of riratified rocks as lateral unifonnrh' 3nd vertical consistcucii^ were 
cqiUllK umplc or if e.vptwurcs were c\cwvi litre SiUtficienI m reveal all details 
of tlie strata and flieii mutual relations. It is furttmatc perhaps for ^tratigra- 
phent that this is uot so. Laterral lithologic changes make the iTacuig and 
correlahon of sJmla of equivalent ttgc difficult and tnorc m less uncertain. 
Differences in liihology and foisils may indkate either differences in age or 
dilltreiices in environment, and many nustakc^ in interpretatinn have been 
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madcL The recognttian and ft’aloiiticni of KTicotifonnities, and other less Ltn- 
portant breab in deposition arc difficult and the fitting together of nnme^ 
CFOS mcomplete stmtEgraphic secdons oSers many probleois. Studies of this 
kind have been in progresf for mote than 150 yean but it is not yet certain 
that A complete vtmdgaphk section has been pieced t^^ethei. 

Ihc necessan- application of theory to observed stmtigiaphic facts, as well 
as practical expediency, lias led to situations in wliich iiiterpTctatioiis by dif' 
fctcnl in diva duals have varied widely, llius it is conrmonly impossible* from 
the Liable information, to deterruine surely that one conclusion is supe- 
riar to others. Tlie tned. careful ohsm^ation* dear tliinking, good ludginenlv 
aud the application of broad Expcricnct are required to solve many strati- 
gmpLic problems sahsfiictoriiy. 
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This boot traces the development of gtsology' and the contemporary con¬ 
flict Mill leligion in Englmd htun 179D to 1350. 

Grahau. A, W. [ 1920 L A imbook of geology, Z vols^ Boston. Ffetth. 

A condensed historical account of the doTfapment of geology zs indcdcd- 
Sec vol 1, pp* 24-23* and vql 2, pp. 2-19. 

HawLes, Leonard (1958)* Some aspects of the piogrtjss in geology in tlic bst 
fiftj' years, QmiTf. J. Geoi. Soe. London, veil. IH* pp. 309-3ZL 
Emphirra is laid on the evidence thal imifonnitirianbtn ims characterized 
geologic and biologic dn^dopnicnt nt Icnsi since the Precainb rian. 
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Imtibiti: for Covwnmcit Research (1918), The Geotogicel Survey, iis hk- 
fory, ecfmfweenii orgfliti 3 ai±M>n, New york, Appirtoti. 

The dcvdopmejit of giivemnient surveys from 1804 ihtough World War I 
is traced. 

LydL Charles f ISjO ct seq.), Prfneii>fes of seology^ S toU., varioos editUMts. 

The early chapters present a g«d aocotint of the devciopment of geology. 
Matbci, K. F, and Maion, S. L. (1919), A source hoofe /« geofogy, New York, 

McCiaw-HiD. ^ 

Quotations ate given from some of the oinst important geoJogic litcratoie 
fioin Uonardo da Vinci Id C. R. Van Hist* 

JMciril], G. P* ( 1920), Conttibahion to a history of Ametican stale geological and 
Haiti ial histDiy survevs, U.S. Nat. Mtis., Bull-109- 
Accounts are 'included of the eariy san-eys that laid mucli of ihe foundation 
for aeotogy in the United States. 

Merrill. C. P. (1924), Thu fmt one htmdred years 0 / Amerusun geofogy, New 
Hav^, Yale Uoiv, Press, revised from U.S. Npt. Mus. Ann, Report for 19tH, 
pp. l89'-*-T54. 

Geologic iirvcsti^hons in North America artr thoroughly reviewed. 

Sagui, C. L (1930), E«maniic geology and allied sdeoccs in andent titBCS, 
£con, Caol, vol. 25, pp, fi5-86. 

This is tnainly art account of mining in Cteti and Rmnan timet. 

Symposium (1947). Second symposinia on the age of the Saline Series in the 
Sail Range of the Punjab, Pme. Nariomii Acad.Sd. fitcfid, see. B, vol, IS, pp. 

t-257. , ^ ^ 

NinntccR papers present evidence and opmions regarding Uie Cambrian ver- 

sin Teitiaiy sge of the salt deposite. 

Zittd, K. A. \' 0 O (1901), Hfetoiy of geology imd paftfrantofogy fo tbf end 0 / iha 
t9th cantwry, dans. ^ M- M. Ogilvie-Gotdon, London, Walter Scott. 

This comprehensive account lay's particular stress on European accmnplnh- 
ments. 
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The Geologic Systems 


Tir^ earliest geologic clatisffication was Uthologic itqd stmctDiai^ Tl wus &nt 
applied tT> mnnntains and then transfened to tlic rocks tturt constitute t!ie 
niounhtms. At the beginning of the nineteeiitli centur)' this dassidcatton had 
the foTFowing form: 


mtd Frmtf 
Tcitiar\' 

^^econdarr 

PiriitiiTy 


GtTmimt 

Trimipqil*.! 

Pldtj^biF^ 

Trfljwititia 

IjTiycfairur 


As paleadtologic cmnpatifOTis were made, it f>c:came apparent that Ui(^e 
di^isioos did not (.^urespoiuJ frf^rn rcgum to region, fn parriciibj', a great 
TICS of fomiations in Ftancc discovered to be intetmcdiate m ag^: be- 
tTseco tlic Flotz atict TnnisportCfl stmta of Gertnajiy* AUo d was found tliat 
ilifr Tertiary^ in Italy mcloded youngcf strata tbati in France. The rdations 
were appmsnmatffly ai follows t 


Itafy 

TatLMry 

Frmtef 

^■fFTflOT^ 

niVaJU|J4i| t£dl 

Tmiwry 


Sroandary 

Srfijnrljfy 

Fl/^tiUjcbir^ 

IVinuiry 

Frimiry 

iTramiihui 

lUr^chi^e 
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Cmdua.Ily greater order ^tts achieved and the meanings of some of the old 
temts were altered. Tlius the ix'eogiiitjoii of divisions roughly comparable to 
the liTge geologic di^iiiim^ now ujadeistood evolved as follows* 


Ttrwi 

QuAtemarV 

Tcm&ry 


OU 7 >nfl 




Secondaiy 

TrAiaiiddii 

PriiiUlry 


This correspondence is not exact, iiid it varies soinevvlut from countiy to 
country, but the general simitarity is dose enough to demonstrate that a sig- 
nifira ni and practical basis exists for such a rods differentiation in the best- 
known pits of western Europe. 

Each of the great group consists of uiore [»r less nuiiierous {omiatiuiis or 
oUier subdivisions. For many years the tendency to tojtdatc strata un the ba¬ 
sis of lithologic features, according to the Wemcrian nidliod. persisted. With 
increasing palcontologic knowledge, how^cver, some of the Jjlhologic conda- 
tkiiis were disproved, and the realization developed tliat straligrapliic succes¬ 
sions differ importantly m diffeiefit areas. Studies in the jeveral large TerriaTV 
hasiiis of Europe bv 1830 had already revealed kliat the^- record different his¬ 
tories and preserve unlike sequences of strata. The gradually resulting reac¬ 
tion against Wernemnism detracted from the miportantx of formations hi 
the mindv of many F-niopean geologists. To this day such iniils ate generally 
looked upon by llicm as more or less local stratigraphic subdivisioos that re¬ 
ceive little etiiphasw in correbtimi. 

British Strntigrophy 

A tlasaificatioii of geologic systems (levehrpcd gradually as geologic studies 
rnultiplictl. For mam yeats the terms /orajdifcifi, terrain, group, series, and 
syrtem did not liuvc the graduated meanings that they hold toiLiy and were 
used rnore or less iittcrehangeohly. nivisiou <if the stnitigraphie section into 
what are noW' knotvn os systems, however, was largely the accompliihment of 
British geologists. For this leasoti the geology of lingJand holds a position 
that, tn a historical sense, is piticularly important. 'Ihc sueccssion of major 
stratigraphic divisions long recognizecl in England is as follows (see Fig- 
ore?]; 

J. Preeamhrian schisb. 

2. Cambria 11 and Ordovician shales, Jimcstoncn, and both intmtive and 
eirtnisive igneous rocks. 

'3. Silmuni shaleand limcstniie. 

Tliesc three divistottsconstitute the Old Graywaeke. 
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L DevimioD Old Red Sandstone, reddish ^nd bnownish 
that are better developed m Scotland- 

5. Catboiiiferons Liiuti^toiie^ fcFnxitrly known as the KlDimtaJn Lime- 
stonc. 

6. Millstone Gnt. 

7. Coal Measures. 

This and the last djs^isEon constitute the Upper Carbonifctotis, 

8. Peimian Maguesiait Limestone—grades we^tsv'ard into sandstone that 
was confused with the nest youiigei division^ 

9. Triassic New Red Satidstone. 

10, Lias, ntrpure shale and Umestone that forms a lowland area. iTie name 
is a comipt ion of the word iaym. 

I i » The Oolite, an trpland-fonninglimestone. 

12, Oxford Clay. 

15. Comllkn Limestane. 

14. Kimmeridge Clay. 



WES? 


FlgufH fm ^uch-gBPiBralizBdl crou svetion oF itie itrahgrciphic lucCBtlfon &1g)Bfid 
toctan^ng From iF** WbIeH cixiif ID lEHidcm, Obtorraiuiiit ol iFie reloEtont Orf ftfii# vtrafa 
contributed graotty Iq ihe qprJy dov«lopEBfMTt of riv^ti^roiihk g»ipgy, Tli» ruimbomd wnH^ 


Tliis and ttic last tH'O divisions fomt another loi^'land zone. 

] Porttand and Pnrbcch Beds, mostly limestone. 

Divisiuns 10 to 15 ate Jurassic and they ate the sbata principally studied by 
William Smith. 

Id. Gault and Greensanik 

17, ThcCltalk. 

'iTiis and division !6 are Cietaccom, 

18 , I'crtiaiy London ClayGroup. 

This succcssiaii is not complete according to modem standaids, and most 
of these old formations are now subdivided. 


THE STANDARD SYSTEMS 

The rect^uition of geologic systems, or sequence of strata later acci^ted 
as systems, and the selection of names for them pogiussed in a s'ciy haphaz¬ 
ard fashion over a period of 100 years, as shown in Figure 8, Most of the no- 
mencblure, btwever. was esbibUshcd between 1822 and ISS-!. It closely par¬ 
alleled and tt^octed contempoiary progress in pakontologic coirelaUon and 
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sbatigmptuc discrtminalion. As might be expected, several of the younger sys¬ 
tems achieved rtcogniliott eailier than older ones because they are more fa¬ 
vorably exposed and less complex stiuctum Uy. 

Terfurry, 1759. TTiii name, still in general use, was rntroduced by Atduino 
ill his classification of moimtains. Some consider the Tertiary' to be a system 
blit othcis subdivide it into twu. four, or five systems. The comparable terms 
PTimary and Secoittfary generally have been abandoned but stiTT do appear 
in some European publications. In Fiance particubriy, Primaiy is now com¬ 
monly employed with the same mcaniug as Paleozoic, In contrast the term 
QuxttemaTy is of later origin. 

/urdssb, 1795. Von Humboldt introduced this name for strato that out¬ 
crop in the Jura \fijuiitains, part of the outer Alps that lie along the Fpmeo- 
Swiss border. Onginally it was applied to only a put of the present Jurassic 
System and it was later expanded to inchide other strata nch in ammoDites 
t^l occur in western Europe and in England. 



OTP id«nri^ed m ttl* lexf. (Cpn&tnKled Geafo^rcuf map of frigkind ond fcof/o^d^ 


Cretaceous, IS22. A Belgian geologist. tTHalby, proposed seieral names 
for large groups of strata, hut Cretaceous Is the only one that was adopted by 
other geologists and has survived 11 is a descnplis'c tenn dettvrd firim the 
Latin word for chalk and was oi%uiaI!y applied to rocks extensj>trly devel¬ 
oped in the Paris basin. 

CaTbot7ifeT0iiS, 1822. Conybeare and Phfliips introduced this name in 
England where the ihrccfold divisiott of Mounbaiti Limestone, \1ilhtone 
Grit, and Coal Measures was recogniacd. The name was suggisted by the 
coal deposits that had become inriieastngly important as the industrial revolu¬ 
tion rapidly progressed in the early nineteenth coitnfy. At fint it included 
the Old Red Sandstone that later wiis tranifened to the siibs<X|nently recog¬ 
nized Devonian System. 

Quatemarv, 1829. Desnoyers proposed this name in France for post-Tcrti- 
3 IV 01 raadein strata whose fossils arc living spedw occuiring in the same lat¬ 
itude. It parallels the older terms PiimaTy'. Scoondiny. and Teitiaiy. 

Eocene, Miocene, Pliocene, 1833, These divisions of the Tcrtiaiy were 
crigmally defined and named by Lyell. Tirey were not as much litholt^ di¬ 
visions or $ucct5sstati3 of strata characteristic of different regions is were most 
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of tlie ottier From the very start these had more ^peclGc time \'alues 

because thej' were distinguished by paleoiitoiogic diffcnenccs. At that time 
2902 species of marine Tertiary fossils wctc recognbEcd by the Frendt paleoii' 
tologist Deshays and ■1039 specie wte ImouTi id the living Atlantic fauna. 
Dtstinetjons Mrere made according to the mimbeT of common species. The 



Spac 42, p. 54S, Efl. TJ 

Eocene fauna contained 3 percent of modeni species, tiie Mincdie J7 per- 
cent, the older Pliocene ?0 to 67 pcfcent, and the newer Pliocene 96 percent. 
Tlie Tertian of Italy was somewhat similarly divided into twr^ parts equiva¬ 
lent to the Eocene below and the combined Miocene and Pliocene above. 
These three names mean "dan-n new," "less new" and “moro new,” Tliev 
arc variously considered series of the Tertiary orseparatc systems, 

ReCffiJt. IS33. Lydl tised this term for deposits tliat have accumubted 
since the appearance of mau. Originally the Recent included nil post-Tcrti- 
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Atv strata wus c^iwiv-atent to Quateman' hui later it was festhctod to the 
post-Pleislacme of modem 05^50, 

Triasric, ITic three diiisiOTi,^ of this system in Germany^ Kcuper or 
Rhuctic* MtnrchelLilk f|)eiccypod [imestone) and Brnihsandstein (mottled 
sandstone) * suggested tiie name to vion Alberti, who fhst used it. The Trias- 
sic is represented by the New Red Sandstone in Great Britain^ where Per¬ 
mian red beds svcit coidosed wjth the rocks of this system, 

Ctmihridn* Sifuridn, Study of the Old Grayw^ackc of Wales by Sedg¬ 
wick and Alurchison niarks one of the classic chapters in the liistory of geo] 
ogy. .\dam Sedg^vick. a clcrgyirion and prof^or at Cambridge University* 
ami Sir ilodcdeL Impy Mirrchisoii, a Scot who sem^etl as an army officer diir 
ing the Napolcotiic Wars, started their work afe tlie holtom niid tlie top of 
these complicated strata respectively In tiie first account of their studic:^ each 
distinguished a system that w^as named for au ancient Welsh bibe. Later, 
cx>mp3iison of their fossils showed that these ^y'sterns oy^rlapped, and a bitter 
conlroversv de\x^oped regarding Mic proper division of strata between ^hcm. 
Sedgw^ick's Camhriai] System jndiidcd imfossilifetous beds in its lower part 
that are now krttnm to iye Lower Cambrian and Precamhrian. Mmehistm 
clauned tha kail of I he fossilLferoits strata were part uf liR Sduriun Sy^em, In 
dull controversy Mnrchi^ii possessed most of the oelvantages. He occupied 
a higher social position and he argneJ hi$ claims in air cLabotatc and popnlar 
bcKjk; later he was appointed Director of the Geological Survey of Crest Brit^ 
sin, Murchison's influence was SO great that theSilnnan, as he defined ih wxis 
rapid IV adopted in foreign lands:, anrl the disputed strata beta me known as 
die Lower Silurian. many of tlic cla^sificatiotts of the middle ninekenih 
ccnhiry rile Siliiriini was ctmsidered to be equivaleirt to tJic old Transition. 
For example, foacliini Barrandc, one of the greateit paleontulogish of all 
tiTTie, included in the Silurian Sys^tem all $ttata^ in what b now C^ccchoskpva- 
kia. tliat range fnim the Cambrian to the Devonian. Other gcologisU rocog- 
uized a Cambrian System but excluded from it Sedgwick's Upper Cambrian 
strata. Almost fifty yean passed before the Ordovician Systciti w’Os proposed 
as a substitute for Sedgwick's Upper Caiubrian and the grt^iter part of Miii> 
chisrm^s Lower Siluriau. 

DrvoniiJJt, 1S3^. Before their quarrel over wliat is now tlic Ordoviciaii Sys¬ 
tem. Sedgwick and Murchison discoveiied that fossils in tlic upper part of tlie 
Old CtayTvackcof Devonshire are younger tlian iJie Sdnrian fossds of Wales, 
Thes' also learned that simibr fossils occur abundantly in Nev^ York State 
and* possibly to anticipate the recognilion of a new’ system in America, thc> 
jointfy named the Devonian System. Devonshire js a poor type facality be¬ 
cause riic strata there are metamorphosed, geosynchnal, very- thick, stmetm- 
ally complex and sparingly fossiJifeioiis, and the contact wnth the Silmian 
was not observed. Either New VoTt or Germany wxiuld haw provided a 
much better type locality, ITie Old Red Sainiitnne of th« foregoing English 
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scchon is largely a nou-marinc lateral detebpment of the De^oashire stiata. 

P/fistocene, JS39. TlkiS name, mc^oing "*niost u,^s inttoduced Uy 
L}t; 1I for late Tertiary strata tliat lie had farnieily termed newer Plieicene. In 
1646 Forbes applied this tiaine to deposits of glacial age and it iras used so 
wtikly iii tliis sense timt l^yell in 1375 assented to the change in definition. 
Ihe Piidstocene genttally has been considered a series of the Qnatemaiy^ 
Sj'stem nldei than the Recent, Tlieie is a tendency now^ howeveri to tnetude 
the Recent in the Plcistocciic, According to this aJctangeineTit, the Pleisto¬ 
cene is a system coesctensivei^ith the Quatertiaiy^ and die Recent becomes a 
stage. 

rcTmijn^ JS4L MuTChLson's work on the Silnmii in England hrought hitti 
mtenutiona) recognition as the world's foremost geologiiL Kc w^as iti^tcd 
h\ Czar Nicholas 1 tn visit Russb Tvith^ it ^ supposed* the hope if not the 
purpose of discos^ering a new system. In this Murchison was successful be¬ 
cause in the province of Perm* adjacent to the Ural Mountains* he found a 
great thickness of limestcme overlying the CarboniferOEis with fossils different 
fiommiy pre\'ioii5ly reportetL To these rocks he gave the name Fcnniaii Svt- 
teui. fie lecognized thai strata of similar age had long been known tii Ewg- 
laiid* where tliey constitute the Magnesian Limestone, and in Germany, llic 
Russiiitt strata* IiowTver, are developed quite differently and i gctieial 
had not been applied to them ajiywfiere. 

Oli^ene, 1S54. Bey rick proposed this name* meaning ''slightly new/* for 
strata that some geologists had been calling Upper Eocene and others Lower 
Miocene. I'he Oligocenc is variously considered dthei a sciics of the Terti¬ 
ary or a system, 

Alisdfsippiiin* Winchell introduced this name for Lr)wcr Carbonifcr¬ 
am strata that ate doniinantly limeatones in the Mississippi Valley, k was ac¬ 
cepted by Chamberim and Salisbury in 1906 and soon thorcaftcr veas widely 
recognized in the United Sbites as a system. In Europe apptoximaldy equiv¬ 
alent beds ate termed Dinoutiau from a city in Belgiuui but the>^ are consid¬ 
ered to be a subdivision of the Catboniferoiis and are not accorded Uie status 
of a system. In order to preserve lurmony in a uruvcrsal cTas&iGcation, R, C. 
Moore has proposed that ihc bfississippian be regarded as a siibiystcm of the 
Carboniferous. 

Onloviaiirt, 1S79. This system^ named from another old Welsh tril>c, was 
suggested by Lapwortfi in England as a substitute foe the Lower Sdiman. Ita 
general acceptance in England and the U ni led States at about tlie b^in- 
ning of the twentieth century bmughi to a fairly satisfactory' conclusion the 
rather ononialons situation that had existed ever smee the controversy arose 
between Sedgwick and Muichhon. Similar acceptance lias not been so com¬ 
plete in Europe and trien today "'Lower Sfloiian/' in its old sense, Still ap 
pears in some continental publkahoiis. The ""Lowei Silurran'’ of most Amer¬ 
ican reports issued before 1900 is Ordovician. 
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Hdocene, 1885. Thb tiame, mesmrng "entirely hctv/' was agteed npon by 
n cointnittee of the Ititemalional Geological Congctss for the post-Pldsto- 
ccne. It is cousideiEd by racwt geologists to be a subdivision of tlie QiLitemury 
System. The name is used much more in Europe than it is in the United 
Sbtes, where the equivalent term Recent generally is prefened, 

Penrayfwinijrt, 1891. WiUiams intiocluced this name for the Upper Car- 
bonifeiDus as these rocks were recogniicd in North America. Like Mississip- 
pian, it was accepted by Chanjbeilin and Salisbury in 1906 and since then 
has been adopted generidly in America but not in Emope. Suggestion has 
been made that the Pennsylvanian also be consideiied a subsystem of the 
Carboniferous. 

As the foregoing brief accounts denionstrate, the succession of itmgnized 
geologic systems grew op without plan from the activities of many geologists 
working independently. Complete agreement residing all systems has not 
been leachecL The concq>t of a system gradually changed from a consider 
able thickness of strata well developed in a certain area to a large group that 
isdirtiiict from other shnilai ones. Tlie acceptance of favored units tia^ not 
been entirely lationaL and tecognitiQH probably \vvt been influenced almost 
35 imich by piqudicc as by actual geolf^c evidence that serves to set apart 
definite segments of the stratigraphic section. M time pawed, some old sy> 
terns were subdivided and intermediate new systems were recognized. Some 
bonudaries wcic ad[ustcd to conform mote conveniently to physical and fau¬ 
nal discontinuities, but all boundaries are not yet agreed upon. The British, 
for csatnple, include stmfa in the Upper Canibriafi that almost everywhere 
else are considered to he Lower Ordovician. The systems now recognired, 
howev'cr, are in gcueral coiivement units in western Enm-pe ^od the eastern 
United States but all of them cannot be diffHcntiated satisfactmily in some 
other parts of the world, 

OTHER SYSTEMS AND NAMES 

The fvstemi now recognized, and the names by which liiey are known, 
have bem stabilized by custom, and no system proposed skice the Onkivi- 
cian m 1879 has attaint nearly general acceptance. Other syslaiw liavc Itccn 
proposed and ollitr tiamcs have been employed but none has achieved much 
recognition etcept locally. Some jysletH names not included in the standard 
list are, howes-cr, importaut enough to make familiarity' with them desirable. 

AntJnacoiilhic, This name was proposed by Waageo to include the Car- 
bomiferoos and Permian because of the dose idatioiu and many siruilaritics 
of tbne sy:vtenLS. It derived from the Creek word fur charcoal, 

Ctmtfdiflit. Dana introduced this name for a new system separated from the 
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Lcfwci SiluxLin (Ordovician) and termed the remainder tiF the Lower Silu¬ 
rian the Trentioii SptEm. Ulrich restricted and redefined the Canadian Sys¬ 
tem making it approximaLdy equivalent to tlie Beekmantowa ^tmta nf early 
Ordovician age. For a time* such a system achiev^ed limited recognition 
among Uldch/g followei^ bat this name b wow used for tlic krwest scries of 
the Ordovkiwn. 

Corbomfcroiif, For manv years the United States Geological Survey con- 
sidtTud that the Carboniferous System consists of three ?ecies^ MississippLiii* 
Pennsylvania 11 ^. and Permian. Tliis usage* which was at variance with Eurn- 
peati practice, hws been abaudowed and the Simey now' regards the three 
parts assy^temN, 

ClwwnpJwinimi. The Geological Survey of New York was organized in 
1836, and the *‘£nar" report of its accomplisliments was published in four 
volumes in 1S42 and 1843. The most important stratigraphic work was done 
by )amE3 IMl in the Fourth District of w^estem New York where he de¬ 
scribed the rocks as r^nstitnting the New Ycrk Sj'stem- hi tlie iiottlsem dis' 
tricl* Ebenezer Emmons described the Taccmic System named from the Ta- 
conic Mountains. The nature of the Taconic System was long disputed. 
Emmons claimed, and it it now tnown^ that it included strata older than 
any of those ol^sencd by Hall. The New' York stratigraphic sccrion, thete- 
fore.as tlien subdividet] had approximately the following equivalents; 


New York STston 
Elrle 

OntHTio Divijkaa 
duiitipE^ii DivniEitl 
Toconic S>Mrm 


Do'uniaii 

!^ilurixn 

Oninvirkaxii, plujt 
Caillhriiili. piuf 


Schuchert used Champlainlan for Ordovician in his teslhooks and other 
wTituigs for many yeans because lie coniended that this name lias priorily and 
15 preferable. Sajme nlher geologists followed his example temporarily but 
this ufkige h nep longerTcctjgniziMi, 

CoFmmdieon. Hilt designated l*ower Cretaceous rocks as tbe Cnmanchc 
Series in 1SK"* and Chamberlin and Sulisbiny' elevated tliLs scries to the rank 
of system in 19t>6 thm rrstrietmg the CTetaceoiis to the Gulf Series of I !iij. 
'Ihis sy-stem achieved scant rccognitiDn, and Comanchcan is now used for 
the American Low^erCretaceous Series. 

D)'d.v. In Germany the Penmai]! cons^fs of two parts^ the Zeclistem, equiv¬ 
alent to the Magnesian Limestone of EnglantL and the Rotliegcnde red 
beds Dyas, like Triassic, nders to the eompasitiou tif the system. It has bc^n 
little iLScd for many years. 

This Is an old term for the Pleistocene in cantcas-t to the Recent 
deposits f(iTmcrIy termed Alluvium. 

Dhitfntbm. Thiv is the Lower CarbonifCTOUs, particularly of Belgium, and 
itbapprorimatcly rxinivalent to the American Mississsppian. NacoTrespond- 
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itig liJimc has been pmposed for the Upper Carboniferous. Europeans gen- 
cpliy do not consider the Oinantian to Ijc a fysleiu, but the name hai been 
used fora Lower Carbon if etous system in Asia. 

Epitic. Sherwood t{iicsboned the validity of a Permian System. He «in- 
tended that the Loi,vct and Middle Permian should be added to tbe Carhon- 
iferous and that the Upper Peitiiian shouTiJ be combined with the Triassic to 
form a new system. In 1923 he proposed the name Epiiic System for the lat- 

Eogewe. TTiis name, meaning ^’diiiTn bom,” includes the Eoceue and Oli- 
gocene and is tJic Lower Tertian'. Some geologists consider it tlie earlier one 
of tivo lertiBry' systems.The temi Eocene was used long ago w-itb Tiearly the 
same meaning. 

GotLindUtn, Itt Europe* thi.? name liss been used io place of Silurian in its 
niodeni or restricted sense. Some geologists hast; considered (.Jrdovicmii and 
Gotlandian tn be subdiiisioiu, of tlie old Silurian rather iLau independent 
systems. 

Lip^rftim. ^^''alcatt introduced this name fora tiicoreticalsvitera of Piccam- 
bnaii marine strata that lias not been discovered In any part of the world. He 
believed that :d! obscn'Cd late Precamhriaii strata are riQU-matiiie ami that, if 
thdt marine equivalents could be found, they would contain the fossilized 
ancestors of Cambrian faunas. The term also has been applied to tlic time 
rcpiestJited by the sub-Cambrian unconfomiity* but this appeats to be a mis¬ 
use of the name because Cambrian beds jn several regions probably m'erlic 
tnifossilifetous sriuLa tliat may be of Lipalmi age. 

Neogene. This is the tomploilent to Eogeiie. If means *'new' bum” and 
includes the Mioteiie and Pliocene, Some geologist consider it to be the up¬ 
per svstciu uf tbcTertiary* It also has been termed Neocene. 

Ntirnmu/iric. Tins name, suggested by the large discoidal foramimfem 
abimdaiil in early Tertiary limestones of the Tethys region, has been used in 
Europe in place nf Eoctiie. 

Ontdriun Emmons origiiiaily proposed this name in 1S4Z for wbat is nmv 
the Middle and Upper Onlovician. In IS^U Dana employed it for the Upper 
Silurian of Miireliison and at the same time rertricted tlie me of Silurian to 
what is now the OtdD7jciati.'rhi5 name has only hishmeal iiitoMf. 

Oi^tkian. Ulrich introduced rliis name m 1911 for what was supposed tei 
include part of the Uppei Cambrian and pit cif the Lower Ordurieuiu of or¬ 
dinary usage. II was based on paleontology and is nm*' iinpGSsibtc to define 
bccau.se of coinple^ cortelatioiis some <if wbicb were not well founded. As 
iccoguized by Ulrich and liiS followm it Iiad diBcrcnt stratigraphic limits m 
different areas The intioductiou of this system accomplished nalhiog but 
confusion. 

Pdfm.'on?. This name, meaning "ancient new," was proposed by Ischimpci; 
Ln 1&74 for the twdiest Tertiary'. It was based on palmbotanic distinctions. 
Tlic Falcocenc is tecogniioid by some geologists as cither s serie or a system 


41 


STJL\TlGfljy?HiC PRINCIPLES AND PRACTICE 


compambtc ts> tlii: oth^ divbiflus df die but pthers cousidcr these 

strata to be no more tlian Lovver Eocene. 

Thi^ namc^ meaning ^'ancient is ^ sytiointn ol Eogeiie. 

PmriaCt/rioiii/^ous. The Pfir minn SvstciD has bccn □ trouble- 

$ome one and its hoiinckries aie imceitain or controveisial in many parts uf 
the wotld^ Ttie tetin PennchCdilMimfeiDus lias been used in many areas for 
strata whose n^igtiitiait to die Caibonifetoiis or Pemiian h uiiMitain. 

Permo-Trias^ic, This tmn, liie tlie hst, has been commonly eniploj-ed for 
strata occumn^ wbere the PermitnTriassic bomidary b believed to lie in die 
midst of an unfossiliferoos red beds sufccession. 

iUi^Ilrf^c. lliis name has been used by some gctjlogists in 3 systenik sense 
for^tr^ta supposed to he transitioml bctw'ccn the Triassk and JumssJr sys¬ 
tems* 

Sinkm. This is a Prccambriau si^ tem lo China that has genenilly in¬ 
cluded in the Palco 70 ic because its strata appear to pass upward into the 
Cambrian without straiigiaphic disconfonnity. Commonly the tiasc of the 
Cambrian is dravm just below' the Gr&t appearance of the Otenellus fauna. 
Some geologists contend tliat in llic absence of a stratigraphic break it E uih 
rcahstic to exclude undcdytng tmfossiltfetoiis strata from the Cambrian, and 
they would lower the Cambrian boundmy to include strata eiimpaiable tu 
theSmian. 

Suhearhon^fTOtfj. In matiy icspccb the sfTatlgiapliic successimu of Eng¬ 
land and the eastern United Stales arc shnibt and EnglEh names were used 
in the early tbys by many American gtologi^^ts. In America throe subdivisions 
of tiie Cfirlioriifcrous identical to those of England were tecogirizcd. In I8S2 
Owen restricted use of Carboniferoiis to the so-ealTcd MiHstone Grit and 
Coal Meanires ai^d inlTodnced the name Subcarbtmitenus for underlying 
strata that in ihe MEsissippi and lower Ohio Valley'S indude no coal beds. 
The Stibcarijonifcinus h equivaienl to the present MisvErippian System. 

TEJme3S7f«^d7i. In 1911 Ulrich divided the *ME£krippian into two systems, 
riris bemg the upper one. it corresponds to strata commrnily considered to be 
Upper MEsissippian. 

W^trveriijm/Tliisis the lower of Ulrich's MissEsippiarj sj'stems. StiiiiliiT dh> 
siou of the MEsissipplan has been recognized by others but the parts arc not 
considered Lo be sx'siercis. 

Diis list could he tnrpanded greatly hut few other coinpamblc namer are of 
much tnteie^L to American geol(^h. 

PRECAMBRIAN SUBDIVISIONS 

The ptohlcni uf subdivision of Precainbriaji rocks into systems E much 
mote diEcult and the results are nmeh less satEEsdoty because fossih are ab¬ 
sent and correlations between different Precanibrian areas arc very rniccrtain. 
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Reliance in oontlaliiili been placed mainly on lithology, structure and 
different degrees of metainoiphism, Sitnilaritses and differences of these 
tjp<». however, cannot 1* dq^ended upon for age detcrtninatkiiis, and some 
geologists tnaintain that no subdivision of the Piecamhnan into systems is 
justified. Certain igneous and metamoiphic rocks that were fomierly classed 
as Piunaiy have been discovered to be much younger. For ejtaiupk, some of 
the original Primary- rocks of Italy are Cretaceous, and esen rocb of CetiO' 
zoic age were identified as PriTnary at some places. 

hi 1865 Sir William Logan described two Ptecambrian systems m eastern 
Canada. 'Hie voungcr one consisting of schist and phsliitc was named llu- 
ronian and mi^tenly identified as Cambrian. Tlie older, or Lauientian sys- 
ttui, was composed of gndssic granite. Later studies showed that the Tre- 
Cambrian is mutli more comples. It is now known to consist of several grant 
sequences of sediments, each of w-hich m turn was more or less mciamof- 
phased and granitized. 

Van Hire described two rrecambiian syrtems in the Lake Superior region 
in 1892. llif older is the Arehcan, which is so highly metamorphosed that it 
is tntitely crystalline. This naiiie was originally proposed by Dana in IS72 
and applied by him to the entire Precambrian. Vau 1 Use's younger system is 
the .Algonkiari. prcsdously named by Walcott in IB&9. It consists mainly of 
less m^mfifphoscd defrital sediments and lava fiow-s. rhese divisions are 
now generally considered to represent eras ratlicr than periods and they are 
commonly Icmied Arebcozoic and Proterozoic respeciis-ely. The United 
States Gffllogieal Survey does not recognize Archeozoic, however, and refer? 
all Precambrian rocks to the Proterozoic. Ih ib restricted sense, the Protero¬ 
zoic consists of tw'o |MTts commonly considered to be systems. Tlic lower is 
the Hnionian and the upper was named Kcwcenawaii by Brooks in 187fi, 
Ttie Aicheoaoic generally is not sulidivided into systems, and some geologist 
refer .ill ot its rocks hi the Kcwatiiimn System naiiied by tjwsoii in IKS5- 
Others, howevrer, distingutsh a younga system above the Ken-atinian for 
wliidi Miller proposed tbcnaincTamiskamianin 1911. 

llie foregoing classificitioii is applicable only to the Ukc Superior dis- 
tiict in the United Slutet and the adjacent part of Canada. Reliable oorre 
latioDS with other parts of tiie world liavc not yet been made. Precambrian 
zvstems do not ha^-e tlienniveKal applicability that the youriger systems art 
supposed to possess. 


ERA NAMES 

Sedgwick inhodiiLcd the name Polaco-zoic isirelled Paleozoic in America) 
in 1S3S for all of the rocks included in tire Cambrian and Silurian systems 
np to the bare of Uic Old Red Sandstone and proposed die name Protoioic 
for all underlying rucks. There mean "aneient life" and 'Gist life" respec¬ 
tively. 


44 STlUnCRAPHIC PRINCIPLES AND PRACTICE 

In lS+5 iMurcbbon applied the n^ine Azoic, mcaniitg '■fl'itliout life.'* to 
the ujifai$ihfen»ii!> pre-Faleozoic locks. 

In 1S40 Ptnilips expanded the application of Palaeozoie by rnclndin^ 
strata up tliioiigh at least the Caiboiiifemtis Splcm. He also introduced the 
nams Mesoxoii- and Cenozotc l=K3mozoic, Cainozoic), meaning “middle 
life” and “recent life/' with approximately their modem limits. 

The three terms PaleozoiCr Mcsoizoic, and Cenoaoic have remained in use 
QscDtmllv uiichungcd up to the present time, Tlicoretical considerations and 
disagreements regarding the appropriateness of loic or life temis for Precam- 
btian rocks, however, have resulted m the proposal of a great varieh- of com¬ 
parable names sudi as Agnotozoic, Azok, Eozoic, H}pozoic, and Prozoic, 
The only ones now deserving comideratksn arc the foITowingr 

,Are/i«>;oic, introduced by Dana in 1S?2, means “primitive life.” At first it 
included all Precambrian rocks but later tt was restricted to the older of two 
great Precanihrian successions. Tlie United States Cenlogical Surv'w does 
not recognize Archeozoic. 

Proferojoic-, meaning “earliw life;" was first used by Emmons in iSSS for 
all rocks intervening between the Archcan and the Palcoroic. Some geolo¬ 
gists have applied it to all Pfecambtian rocks and this is the sense m which it 
is lecognii!^ by the United State Geological Siirvey. This is a different 
name from Sedgwdeks Pmtozoic. which has not been used For many vcais. 

CJnty one other era name is W'otthy of notice. 'Itiis is Psychozoit. meaning 
“reasoning life/' introduced by LeConte b IS77. It wai defined as iivs age 
of man’s supremacy, equivalent to the post-Pleistocene or Recent. The ego¬ 
centric idea thal this name implies is totally unjustified and it received little 
recf^nitinn. 


EON NAMES 

'['he base of the Cambnan System, below which only vm' lure and obscure 
fossils liflve been discovered, provides a base line from which ail geologic 
events are reckoned dthci forward or backward. The old unfossiliferouv rocks 
are generally tefetted to as Prccambdan, but the compamhle term Postpmt- 
crozoic ha.s been little used for younger rocks, In 193CJ Oiadwick proptwed 
the names Cryptoznie, “liiddcii life," and Pluncrozuic, "evident life,’* for 
these two grand divisiom. Neither of them has been much used. 
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This CDodensnl but comprehensive descnptmn it devoted laigdy to stistig^ 
tapby. 

Gill, ]. E. (ed.J {1957), The PiotaOEoic in Canaib, Roy. Soc. Ciui., Spec. 
P«bl,2. 

A tjnnposiuw of twenty-five short papers deals wkh the Precambriun and 
its problems of idnitiEciitton and coiTetntioa. 

Lcitb. C- K. (1954), The pre-Cjunhrian. Geol. SoC- Amer., Proc 1913, pp. 151- 


IBO. 


The Prtcamhrian and Utcr geologic records ate compared m legaid to life, 
conditions of sedimentation, and means of cunciation. 

Suvder, E. C, (1947). The probletu of the Lipalian mtcri'af, /. Ccof., stqL 55, 

jip. H6-1SI - . . 

The pitiblera of recognizing a base of the Cambran System is^cansidered* 
Wheeler. H, E. (1947). Base of tbe Cambrian Sj-stem, ), Ccof.. voL 55, pp. 15»- 


The author advocates placing the base of the Camltrian System below the 
first appearance of the Ofcncfirs Eaunn. 

Wilmartb. M. G, (1925). The geological tmie chissiEcatioii of the United Statu 
Geological Suis'cy comporad wilb other classificalioiH, Ui!. Ceol. Stirv,, Bull. 


769. 

Extensive quotations ore drawn frern the more iinptirtmi publicatinni dr- 
fiiiing and redefining the major geologic time terms. 

Wilson, M. E. (19581, Precsmbriati classificatiini anti etmelation in Qic Cana- 
Ilian shield■ BnW. Geof. Soc, AmaT,, vul. 69, pp. 757-77-I-. 

Twofold division is suggested because only one ividcspread itncoiifonnlty 
has been recognized within the Precambrian. 






Part II 


MATERIALS OF STRATIGRAPHY 



The iwlurt: of ^ ctmrpks lubt^iKie er object cannot be iipprcdat^ adequately 
tpilbnut a pritn imderstundlng of jti componenbi. Stmlihcd rais ctmsbt of 
tnnifs. Tlicfcfocc i study of these locta tiitist begin "witb a eousidration of the 
scdioicnts Most sedimentolo^y liis stressed the plmical aspeeb of deposition, 
but dcpcKsilioii LS only a psirt of the tiistory^ of these nmterblg. Evety sedimenl 
had an ongio and was transported aud then deposited^ and niaoy sediments ftiat 
lithiCed to pTodnee consolidated rock. All of tlicse proccssci are fioportajit for m 
aiidcrstandiiig of strati^raptiVi 

The organic aspects of sedfmrnjtatfon generally have been iicglccted. TTiesp 
sspccts arc fundamentally important beet use orgatiisms prodacetl ittoek sedi- 
menJ and mfiticriced the nature of oiueli more, Orgaimins pitservcd ts Fi>$aib 
aliic hrmi^li informalifTn eohctming sedimentary processes tod randitiom limb 
are not revxaled by any olhior thuoclin^ of the rocks. 

All aspects of icdiniEnfattcm Imvi: b^ more or less coiitiidled by tectonbm. 
Ihereforc, scdiiiieols atid the lesulliiig rtJcb aiinot be completely nnderstood 
outside of rlic lettonic frsnu^ork dmt was largely loi^uiblc for t^hcir devetop- 
ment snd presen t irature. 

FinoDy, {he ortcrpratatiori of iedhoentary rrjcb and tlic rcciotutinciloo of 
tlicir tiistorics prondc miicih of ihc informatiofi iipoo uhicb the syaUiesis of 
geologic knowledge in rtrat igiapliy i$ based. 
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Classification and Composition' 
of Sediments and Rocks 


Sttuiticraj'Heiis aiid scdimentaT) pcliologish observe the same locks and 
sediments hat tbev see rtiem from somewhat different poinb of view. Stratig- 
rtpheni are interested niaiulv in wcl masses; Uien attention is devoted largely 
to observing gross cbaTaetm, stmetmes, and relations in tlic field. Sedimen¬ 
tary pctTologists arc mueb more concerned with details: mainly they study 
those featutes that require laboratory observatiom. Inwfar as Ujc descriptive 
phases are concemcct stnit^raphy and sedimaitary petiology are yeparate 

branches of gadogy, r i j i 

When tsplanaiioiis of ohscived cbaracteis and relations of rocks and sech- 

mcnls iiie sought and inlcipTetations aie attempted, however, much com- 
muiiitv' of interest becomes apparent. In the broader defitiilioiis of lhae 
helds 'therefore, stmtigmphv and sodimentBiy peliolog)' overlap. Much ben¬ 
efit is to be gained from close codpewtion by workers in these fields, and 
satisfactory scdulions to inanv problems cannot be nhtained by citJiet type of 
slndy imsupplementcd bv the other. Stratigiapliy particitktly stands to g^iii 
bv cooperatire action because petrologic studies are likely to be valmbk m 
c^finming or deiivtng condusions based on niijrc geueral stratigraphic ok 
serrations. Such studies aim may tiiggcst other espbuatioiis and direct atten- 
Uon to features prcvnouslv ovtTlaoked or neglected beemse their significance 
vkTis not appreciated On the other hand, the tcsults of petrologic studies may 
g^n greata mcmniig than they' would vtlierwire possess by orientatitm m the 
more genetaJ stralignipfiic pictu e t 
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Stratigrophic Observations 

Stratigraphy is vitally concerned with the space relationships of nxts. In 
order that these may ^ detennined, the chi^cteis of stiatigiapliic bsidies 
mttst be obsmed, the same mcks recognized from plate to place, and difer- 
ent rocks discTiminated. The major abjective of any study detCTmiaes, of 
course, the detail with wluch observatjotjs should be made. Some studies avIU 
progress much more rapidly than others. Rctniircments may be satisfied bj' 
obsen ing outcrops at more or less wide rntersaU and nodag only their more 
generalized featmes. On tlie other hand, it may be netessar)' to locate and 
observe all outcrops and to measurt and describe all stratigraphic sections iu 
great detail. Also depending upon eircumstajices, more or less attention is de¬ 
voted bo subsurface records. With increasing thoroughness in the detail with 
winch outcioppmg rocks and well cuttings and cures arc erjimiiipd con veil- 
tiouaJ stratigiaplijc studies pass over imperceptibty mto the £elds of pobology 
and paleontology'. 

A Liige part of a stiatigrapher's time and energy- coirrmonly is czpendcd in 
scarrJiing for good outcnrpfi. An important measure of his competence is the 
speed with which he can find outcrops, cover tciritory, and collect all of die 
infonnaiion necessary for the patticukr type of study that is in progress. He 
cannot allow hinrself to become distracted by unnecessary details, Tire cutoff 
point defining tlie practical lunits of necessary detar'ls rarely can be anlid' 
paled for a new study, It generally ts set initiaUy on tire basis of ciperienct 
and judgment of probable requirements and is subject to bter modification. 
During all stages of a study, how ever, an alert stratigrapber svill make niental 
note of many rncidcntalty observed features any of which may unexpectedly 
pTtnt: to be pertinent to hts study and require more thorough investigation. 

The observation of certain characters of rocks is standard pmctice in all 
types of stratigmphic shidies. Tliose characters most commonly noted are all 
more or lew obvious on rather caiual iaspeetton. They are useftil primarily in 
the idcotification of stratigraphic imits and in the drawing up of their gen¬ 
eralized descriptions. Tllc principle ones are: 

I- General Utltologic character in tenns of the eommcni nsek types such as 
sandstone, shale, and limestone m transitional varieties such as shaiy sand¬ 
stone ot calcareous shale. Mhrtutcs and intcTbedding of different types of 
rock ate noted. 

2. Color in conimun terms such as light gray, brown, or greenish; also jq- 
terbedding or mottUng of different colors. 

j. Types of bedding such as thio bedded, cross bedded, wavy bedded, and 
so fortli. 

4, TesturaJ features such as fineness of grain, sortmg of sand, and Crystal- 
Unity of limestone. 
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5, Stnictural featnres such as massiveness of beds, picscticc of ripple marlcs^ 
and ocincTctiont. 

6. Weathering cliaiactien such as cxiloi alteration, type of snitice Innas de^ 
vetnped, and degree of leaching. 

7> Abundance and kmdj of fossils, 

8. Estnnatied thicknesses of stiatigiaphicnnits. 

Descriptions of locb in the foregoing terms are extiemety supet6cial but 
thc>' maybe adequate for some tjpes of uncritical stratigtapliic work. Even 
so, such descriptions provide some general indications of rock genesis. Most 
of these features, however, deserve much more careful observation. Ai they 
arc noted in mote detail, they become inaeasingly more useful in theh ap¬ 
plication to correlation, interprefution, and recorntruetjon of past conditions 
and events. 


CiASSIFiCATION OF ROCKS 

Rocks art so variable in appearance, composition, and mode of origin that 
any comprehensive and systematic classification is bound to he aibitmiy and 
(xiinplex. Pctrologbts who study rocks in detail have proposed a great itmlti- 
tude of names for them hasdl on rnmcialogic composition, tcatme,.genesis, 
type localiries. and so forth- \fastly their classifications and names are UU' 


Tadle 2. QonxficElkua of Kockl aj Cammady KticOfnkn] bf StratigTspliCT 

hi the Field 


t^onu^ Kdtij 

Scdimcntiiry Rocki 

Mctzmotphlc Rocks 

Intrulivr 

Wiitcr-Ixid 

Or concern is itmtigTiipliir 

Of tiltlE direct CO&+ 

Oofttwri 

only b**^^^*^ sti ihldr 

oerti m 

Can^ocoerate^ . 

ioal diedzoenfary clm- 

phy 

broccin 

actm can be <tettrEDiiini 

Extndlive 

Saod&toDe 


Lava flow* 

Sfliiirone 


Bault 

SIloIc, luudsfiDdlr^ 


R-hyoUtc 

cby 


FynpekBatk; 

Voiuiik 

Limcftcicc, ftolo- 


mite 


CTfiji: 

type* 


Vokcftiiii: ack, 

Coal 


iiilr 

Bedded chfn 

Gypsum, jwhydriic 
Rock lali 

Rock ptimphatc 
SediiDcntozy iroa ore 
LtpM'so 

Dujif Mind, iHodriffttir 
Ijxm 

mu tiflJtc 
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suited to general stratigraphic use because stratigraphm must observe and 
idtntify^ ^'ariuus nock f^pes in the field. Goosequently strah'gniphm gcnerallv 
cm pin V a comparatively small nunrbec pt common names Tnodified by ad|ec- 
tives where appropriate. Most of ibese can be classiBed as showTi in I'able 2. 

Hie vast majority of all rucks dealt mth by sLrati^apliers are the conimon 
w^ter-laiil types The others mdkatc special cssiidittotjs and they may be 
particubfly imporl^nt m idoitifymg dqjositioimJ envimEmienhi and b re- 
constructing geologic history. 

The tcFmmon sedimentary rocks ar^ divisible mto two ebssa: (1) land- 
derived detritab and [1) Umestanes. PetrogTaphers arc invlbed to identify 
many lunestones as clastic rocks. With rare exceptions* howevCTp limestones 
do not consist of matcml that w'asr deri%'ed from the hud ^ solid particles* 
as w^cre the cemstituents of oilier clastic rocks. This is an extremely important 
distinction because the dishibutiou of odier elastic rucks h closely related lo 
Land but fhc dbtribuHon of limestone generally is not. To emphasize 
thb distinction, the tfnm d^ntd wfll be used for particulate sediments pro¬ 
duced directly by erosion of the land and the tenn fragmeijtfil for clastic 
limestones consisting of particles that possibly have been mosed from the 
sites of then origin mid rcdeposJted. 

Detritdl Series 

Ti\t detrital cocks constitute a continuijus series ranging in graio size from 
very coarse to v^ry fine/rhe names applied to the vanous members of this sc¬ 
ries arc deteinihied ju a general way by grain size. '1 able % shows the thssiB- 
cation accordirig to the Wentw^oith scale. 


TaECE 3. rUagiiFcallon of Dclrifa] ^^HrtVnli 
and f^iirtanlary Roeb Acoordlii^ lo tht 
Wciitwntii Silt 


Gvaeu Silc 

Ein pini-) 

Sctlliacnl 

RfKt 

CrnMCr iKim 25 ^ 

Ekmldcn' 


64-256 

■Qobblet 


4-64 

Fcbbfa 


2 ^ 

Crsii44kl 

Girt 

1/16-2 


SmxdfDaoe 

l/25fi^t/l6 


Satinmc 

Leaf itiftll 1/Z56 

day 

ShiJe 


Field names actually applied to tHc line-^incd drtiital mck^ do not tic» 
essarily follow this classification ckksdy because acetirate estiinatcs of giaui 
size and the pirqxrrtions of constihients caunot be tnade without laboratciiy 
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mea^tiicmetils. For ticaniple. many field geologists do not recognize siltstoiie 
hnt distinguish sandstone and shale, connected by intermediate types coeH' 
moiily termed **shal} samdstonc" and “sandy ihak;' tnainiy on the basis of 
tlie aissence or presence and degree of development of the thm kminatioi! 
which is commonly considered a characteristic feature of shale. Many so- 
called sandstones and sooHed shales consist predominantly of sill-sized 
grains, in field practice, therefore, sandstones and shales arc inexactly iden¬ 
tified on the basis of testuml or slnictnral features. In a practicaJ test, the 
grittmess of sand can be detected by rabbiiig between the fingers and the 
grittincss of silt by gCJitly rubbing between tlie teeth. 

Roclss obvioiwl) tort fine friiincd ht he considered sandstone but lacking 
the lamination of shale may be termed mudstonss. They geirerally contain 
much silt. Fmc-grained materials Tacking bedding and possesatiig some plas- 
ticitr are conimonJy knoivn as clays. They are likely to con lam lesj silt and 
niai- be entirely silt-ficc- 

Dclnldl Conffjfumtt 

lilt principal constihients of dcttital rocks may be classified as follows: 


Roc^i fraffmcnlj 
tmend (^niifU 
fltvt cynle 
Rrw (irked' 
CUy 


^lica 

Cikitc 


The three primaiy constituents of detijtal rockr gene ml iv are coticetil rated 
in different sedimentary size fractions {see Rgnre 9 J Pebbles and larger 
masses are almost exclusively multigranular rock fragments Sand may rxmsisl 
of inurtutes of discrete mineral grains and lock fragments although the for¬ 
mer are likely to piedominatc and the latter may be wholly locking. Sill is 
composed ahnmt csehisiirly of mincial grams. 'Flic clay minerals occur only 
in thefinest'gmiiicd sediinentary' fraction, 

Sccondarr cement is luinnal matter deposit oil in the tnterstkes belsveen 
primary sedinreutary particles, Potli silica and ealritc are common, Buth may 
occur m tlie same rock although tlicS’ demiiiid drfienmt dieniical couditiom 
for their deposition and tliercfore, rreord different episodts of diageiiesii. 
Silica generally »the morecomnion cefiienting minctal in tire coarser sands; 
it is rare in fine sands and alts winch include imixirtant pfoportioos of clay 
minerals. Some fine sands are cemented with cakite that is imiformly ott- 
CDtcd crystalloBraphically tlirenighout comparatively large areas. Ferruginous 
calcife and sidente may constitute the t^imting material particulaily in 
fine-grained detritaJ sedimetits. 
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Figure 9. CHart ihew^ng ihe up^nmgn lirin range tbnlb tif djffeteni klndi ol bedimeiH 
tofy particlM. Norka that genr rally there h ItftTfl oveHap in the liiai ol cloy mln^rEils 
ond fllhat ntinarat graini. (Adapted frwn Stratigraphy ond wdimanraPrpn by W. C- 
Krumbain and L. I- SJuu, p. I03j frg, 4^15. Son FrEmwcar Wp H. Fraanian and Cam- 
pany, i^SU 


Cloy 

Nate shotttd be made that tlie tmti dciy fc used in th™ quite dificroit 
ways: 

I* In its general nontcclmicil sense, clay is fine grained sediment or rock 
rJiat is chattel errzed by being plastic when wet. 

2, In its sedimcntoJogic scmCr clay is that fractkirs of a sediment or rock 
whose grains measure less than Kei mm. in diameter. The matena] clay 
(sense 1) may contain variabk pniportions, langing from none to mom 
than lialf^ of gtaiiLS Lirgct than clay size. 

3. In its mineralogic sense^ day h the general name for minerak of several 
types of hydroQs alinniiiiun sQicates, although other dements can ^bstihite 
for some of the aluminum. They posssess more nr less mica-like sttuctuie, 
occur in a very hndy divided ciystalliiic state, and generally are highly ad¬ 
sorptive. The day-smd fraction of a sediment or mck may cuntnin variable 
pEopoTtions, mugipg from none to mOfre than half* of non-cky min er als. Hie 
plasticity of material day (sense 1) is due to the pTCsence of clay mmenils. 
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Shale generally is identified on tJie basis of its bedding, which is more or 
less closely spaced and even and provides planes of wcatness along wliich the 
rock parts readily. Tlic fine bedding or lamination of shale is a feature that is 
related to the presence of clay mineral particles even though other kinds of 
sediment may piedominale. Either the clay occurs more or less concentrated 
in films that result in the parting of less clayey material in thin layers or, if 
more generally distributed through tire sediment, horizontal orientation of 
the flaky clay minerals produces a type of fissility that is diffictrll to distiiih 
guish from trac bedding. 

Sbalcs are the most variable of all sedimentary' irKks. Sarid, silt, lime, and 
organic material occur in various proportions with clay to form shales that 
differ widely in texture, type of bedding, hardm.*ss. and color. Argillaceous 
shales without inrpinities of these kinds are not conrmoiL Many shales are in- 
tennedifltc in composition bcbt'ccn the other main types of sedimentary 
rocks and Unis they grade into sandsfotie Lliioirgh sandy shale, into limestone 
through cxilcareoris shule, and cs'en into coal through carbouaceum shale. Or¬ 
ganic material occurs more generally and more abundantly in shale or otliet 
clavev sediments than iu any other common kind of rack. Also shale or other 
clayey material varies through a wider range of colors than other sedimentary 
rocks and is more likely liian any other common kind to be greenisli, red, or 
dark gray to black. Many shales incliide concretions. 

SliaJes can he classified in many different ways as. for example, oti the Ira- 
sis of (1) mineralogy, (2) tcxtnre, (H) color, (4) dicmical coroposjtiorr, 
(5) stroctuTCK, ot (6) fossils- Althougli there ace some relationships between 
th^ different kinds of cliaractm, mostly they are indqiendcnt variables. No 
single classification seems preferable to others, and diffcretil classifications 
may be constnicled to suit different purposes. Efforts have been made to re¬ 
late the physical aud mincralogic characters of shales to environmental influ¬ 
ences, but the results do not seem to have been particubtly successful. 

Sandstone 

Most sandstones consist predomiiiantly of quartz grains, but feldspar, rock 
fragments, chert and clayey nratrix ate abundant in some varieties. A coii- 
siderabte number of other minerals that ate resistant to weathering and abra¬ 
sion also occur as minor accessory constitnents {see Figure 10J. These rarely 
exceed I pereent and generally amount to less tlran percent of the rock. 
Beciuse most of them liave specific gravities greater than that of quartz, they 
art commonly termed heavy mtnerais. Finally, white mica in conspicuous 
thin flakes is present, paiticularlj' in some fine-grained raiidstoncs and iflt- 
stones. Much of it probably is a secondary mineral that lias bear produced 
by the alteration and recrystallization of some of the cUy minerals. 
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Figure Kiit&Bfarm sKowitib tfifl voriely and rtbfivs abundance of 

hMwy mlnefob in thw Si f"€tBr Sandstone COrd.l and ba«1 F^enniifl-raflPCJO 
sandstone }n Wisccmsrn ond II||> 10 IS reipetTively. If thEW raC^» no! Il^^ 

ringuiEhoble by more ohvpoul choractanj tedlmfinilary unaiytAi ^oyJd eaii3ir 
d iff ernn Hole thtm, GenKrolly O imoNer Vofiely of beavy oiiitemb o«or in 
okieT Ihon ift youngnr Mndlsfon^. (Aflec Sfrcdlffropjiy and tWpmanfafbn 
by W. C. Krurttbeb ond L L Sfo^. p, 11 f>g 4-16. San Frandsco: W* H. 
Froemo’n pnd Compony^ 1951,) 

Four types of sandstone defined by thejr compositifin caiiimonly sic Tceog- 
nlzcdr Sts slioivn in Figure IL ITiese arc; 

1. Quurtr sandstojiev wbich consists predominantly of qiuutz grams. 

2. ArJkosi!-, which contsdus an appreciable amount of feldspar, mainly po¬ 
tass ic, and very little day. It gencrally is liglit gray to pink or even reddish ow¬ 
ing to the presence of OTtlioelase. It is a product of the ilecomposilion of gra¬ 
nitic roefcs. 

3. Grayri^dcibe, which includes important pmpnrtidii-v of clayey imteria] 
and rock fragnients in oddition to quarta and sudic feldspar. It is coruiiioiily 
dart «)Imed and appears to have been produced by the erosion of iiielauior- 
phic and basic igneous rticks. Tlic name grdyHKicfce has been used in so many 
Ways bv- petrogiiiphcTS and others^ however, that nmeh confusion lias re¬ 
sulted, It was originally einployied to identify darb-tobicd, tough, impure, 
dayey sandstmie and it still carries this general nieming. 

4. Subgmyni'nefcii, which diffen frotn gyaywsiche in having a smaller pro- 
potiion of cby matra and generally greater porosity, and from arkose in con 
taining mine lodt fragments. Thd* tocts an: iiilermcdiale hetwxen quartz 
sandstones and graywackes or arkoses. They an.' the most cuTiinroii kind of 
sandstone and it is unfortunate tlial a more distinctive name is not available 
for them. 

The important difftTCntes between these types of sandstone are related to 
(I'l the kinds of rock From which they were derived, 12^ llic amount of 
weatliefing that has contrihuted to the rebtive matnnty' of the sediniEnt, 
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Ihe dc^ of sorting \hat thty Iiave imde^ne, fl) tLc rapidity of tiietr 
dtiposition, Sind (5) tJic site of deposition. Thus arlcctat and graywacke iiad 
different origins, Bali consist of imniature sediments that were little 
weathered. Both weie rapidly deposited Deir the place where thes’ Ofiginated* 
xMost arkose appears lo have acoininlated tmder subaerial or shallow marine 
conditions whereas much giaswaclre probably was deposited in deeper ma- 


CLAY MATRIX 



Figurt ^ 1. Thfee^enfpflrfenl frinngtfr ihowinH ifi* clior 
acferf&nc camp^wtienK of itio fpyp prtndpol liindi af iwfid- 
Jfon®. in tf™ ofeaa mbgfflywndcti COnfobK 

mom {flldipar ond rock frogni^fih riipn gray weeks 

and mots rock frogmann and Ieu fvldipor t^on arkoi«. 
^QeJo from PoHT|oh0H 1 ^57, SctdimErrfory f 


rhie water, Subgraywackc is less immatun:, geiicially of mised origins, and 
better sorted dnmig transportation or at the time of deposition; it atcumu- 
Uterl Hudei a wide vanety of fluvial or shaHow-watcr toiidititms forthei from 

its site or origin, , , , . 

Quartz sandstone is mature. It generally had a long history as a sednnent 
but little of its history can be dctetmiiicd- Most sandstones of this type arc 
mariue and many weie dqjosiled in a tiansgrcssing sea. Both subgraywackc 
and quartz sandstone, but partimbrly the latter, probably consist of material 
that passed through more than one qptlcof erosion, transportation, and dep- 
osition. 
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Conglonmirie 

Conglomenite att consolidated gravels. Htcy vat^ in composition witli 
tespcct to iizc, sliape, and the kinds of rock const itutirig the coarsei frac¬ 
tions and also the t^ of maCns. Most cotiglomciates consist of very poociv 
sorted material wliich mas' range horn boulders to tlie bnest sediiiient. Th^' 
accumulated in many different rihiations; gravel otditraHly does not clearly 
indicate any particular ensTiotHncnt. 



RguiE T3- CurvEt UluEtrating tHe mlliEr QbvHikn fact Fhal rEuatarit 
r«k FragmETih an worn and npufifiEd marv llowt^r lhan eoriily 
ohrodEd anBL (MiadHtEtJ fmm KudUbiI^ 1956, jf. VqI. 64, 

p, fig. aid 

Gravels are of two general typci: (1) dcpositional gravels tiiat result from 
the accumulatioii of transported course mattrial and (3} kg gtavds, pro¬ 
duced by the action of water or wind wiiicb roffEOves fine s^iment and [caves 
the coaiser material behind to be couctntialcd cm the surface. The ficst type 
uidicate;^ the slarkcning of cunenfi stmng enough, to mQvc the largest rock 
fragments. The second records Uje action of cimenb incapable of transport* 
Eng the coarser fradioa a£ an ordinal dqxKit. Most conglomerates are of 
the first type, but in andent deposits distinction is likely to be difficult if not 
bn possible, So-called ps'eudocongfoinrr^e is produced by ^■armits kinds o( 
sheatiog action that fragments rocks and ma}' even round the fragmenkt or 
it consists o£ coneretkmaiy aggregdt<^ that maj resemble some congloraerates 
dcsely* 
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Rorrnding of tlie pebbles, cobbles, and boulders of gravel or oonglmnerate 
generally is dependent upon { I ) tbc liardn^ and toughness of tlie lock ftag- 
ments and (2) the distance they 
have traveled (see Figine 12). Fjt- 
ceptions arc graveDy material dc^ 
posited directly from glacial ice and 
the deposits of niiid flows and tnr- 
biditv cniients, Allliough founded 
pebbles Lave been dted as charac¬ 
teristic of stream gravel and flat peb¬ 
bles have been considered tndica- 
hve of beaches, stich distnictbns do 
not appear to be reliable. Pebble 
sliapes are much more likely to be 
dctenriiued by the relative dimen¬ 
sion* of the Original angular rock 
fragiiieuts and thdr daminant 
planes of wdliiiEis. Beach pebbles 
arc moved Irock and forth repeatedly 
by waves and may become wdl 
rounded without inuch actual trans¬ 
portation, Like sand, gravel may be 
a scmrid or mtiJtipIt-cycle dqjorit 
and touuding may be lelati'd to epi¬ 
sodes antedating its final movement 
and depositioii. 

source rocks generally are 
sily ideti tilled for giavd 
than for finer sediment, Enviitm* 
ments of deposition, hovrever, are 
more clearly indicated by the form 
of bodies of ccinglameratic rocks and 
the characters of fine-grained matrix 
and associated sediments than by 
the kind of loek fragments and their 
shapes. 'ITiiis Itneai bodies are char¬ 
acteristic of stream channel, beach, 
and bat deposib, whcica* shallow 
ncritic ^lavd is likely to be patchy 
and thin, and alloriaJ fan deposits 
may cover considerable areas and accunuilatc to great thickness. Distmetjrm 
may be possible between currcnt-liiid and isnye-woiked gravel because the 
latter is htely to be washed free of mud and silt. 


Figktra 13. PoEtihAd totm latlicut ificwing 
jrnegu^ar lig^lBr-caloEedr fnofm cafcamo&n 
nodiile^ike fTKU&e& In darklf^ Cnloommi 
mDtrtJTi Arigin of tfiesc OKnita k 

Thwf iTKxy hava hom p^rodiMiAci by 
thff bn^rrowinp of animBli m uncoRialidoTed 
ivdifnffn't tieie Rgure 771 p. 233 ^p Th\m porfEe- 
ulixf rodi, bowwFT, h wfiofly IcicklrT? lo rec- 
piqnlTpble FsHili- ComporQ ahn with 
40r p. 115. Lower part of ffeiozi Formatnp 
EU, Dev.J of AJbertOn^ Coriedo. (Omwn nalu‘ 
rol lie* frotn pbofogrmph hf SL O. McCr» 
non.} 
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Bteccm is a tocIc consisting of gngnlai fragments of pebble and larger sisccs^ 
Commoiih tins term carries rmpiicatioiis of tectoiuc origin, and one of the 
most familiar t}T>es of breccia is tkiE produced by fmcturiiig in tbe planes of 
fanUs- Scimc btecem* however* are sedimtiifary as, for e^rample. Lbose wliidi 
occur in laltis deposits, atid ntliers are of pjTOclaitic origiri. lliese may be 
considered spcditl kinds of ctmglomcrate that have accumnbteti ven' near 
the places from which their fragments were derived. If they should be truiis- 
ported and suffer wear, thej- would grade into more typical congIomc:r3tes. 
Such transition would be most rapid, of coufSCp if the fragments were of eas 
Qy abraded Linds. 

Sei-'cnil fypti of oon-^ieditiientaiy breccias may be confusing because their 
occurrences rrasmblc tko^ of stratified deposits. Chkf among these are my- 
lonite breccias dev'cloped in Llit planes of low-angle thmsi faults, and col¬ 
lapse breccias produced by the removal of soluble lajTis such as g^ psuwi and 
toefe saltn Another t>pc nf breceia of doubtfuJ origin occurs in man}' IhnC" 
stones. It consists of mo^e or less angubr bmestone fragments enclosed in 
limestone matrix (sec Figure 13 L Tliis may record a brief mtcrxal of emer¬ 
gence m which limy sediment became consolidated and was broken up but 
not moved or rounded- It mighl be considered a kind of in fra forma tional 
conglomerate. 

Limestone Series 

Limestones constitute a series of rcx:ks that in some respects parallels the 
dctrital Series. Thus mofit limestcuies consist of fragmental or precipitated 
particleji that range from coo^e to very fine. Tlie various ty-pe^ of llTnc^tonCp 
however, have not received common names probably because their diHer- 
eiices geneially are not apparent on casiuti observ^atioii. Ako mBny hme- 
stons arc more or le^s rccrystalliKcd or otherwise altered so that original tex¬ 
tures may not be preserved. In a s'cry^ getieial way, liow^cver, some compamon 
between dctntal rocks and limestones can bt niade (see Table -I) aUhoiigh 


TAHtt 4, Gnnf|iariicrji oT UmfsJPTWFl Acnordiog tn Texture 
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the giam size of a limestone dtKS not ntcessaidy intiitate its oiiginal tcitnre. 

[.imcstoiie pebbles and cxibbls arc coniuion in some conglomerates, Lime- 
stofie frygiiiesih of tliese si^-os geEicrslly sue enclosed iii a rnatn^ of detriLil 
matenais, if Iinicstooe predoitiinates in llicse coaTSEi sine ranges, the rock is 
pxopcrlv ciTIctl a limestone congiomcrate. If the matiis is limestone, tlie rock 
is a eoiighunctatic IlTucstoiieTegardlcssof the composition of tlie tostisei fiag- 
tnciits. latter, htm'evcr. are commonly also limestone and genenillv tiies- 
do not exceed pebble siac- 

CalcaiEouJ sainl or hnei sediment is not a nonnal product of tcrtcstrial ero¬ 
sion. The abrasion <if large Imiesbmc fragments in stream beds and upon 
beaches probably produces small particles that ate soon dissolved and disap¬ 
pear Almost aU timc sand consists of broken shells and othci tiigaiiic debris 
on beaches or in vci>' shallow strongly wTivc-iigiLited w-nter in situations 
detrital material is not present in importiuit quantities. Probably the 
limestone pebbles of most conglomeratic limestones arc of local origin. Lime 
mud is predmninnntU a biodienncal dqjtwit produced by algae and perhaps 
bacteria. So fur as is knossm, iiioigiinic limestone is rare. Oolites are bclicstd 
to be uiorganic, and some peculiar liincstoues like itie Miimekalito l Perm, j 
of the Black Hills and similar strata In Wvoniing. whieli occur iu the midst 
of red beds, niav be ver^'hue grained chemical piecipitaiK, 

Umestmies arc fimdaincntallv dilftrcnl from dettiial rocks bccaa-se hme is 
carried in solution, and waves and currents strong eitougli to keep particulate 
matteriu suspension are not necessary for its distribution, Calciiim carboiiate 
is uivrfnctiily present dissolved in ocean water and can be carried uni united 
diihmces. .\t piescnt. lime deposibori is restricted mainly to the watmei wa¬ 
ter regions of the tropical and subtropical itoncs. Siinibr lempeiatuie reia^ 
timis probably also were characteristic of niudi of its dtposilioii in the past. 
Some hme deposits in deeper and ctildcf water, however, me produced bi 
comb and other organiMns but llieir distribution is patchy. Deep-sea calcare¬ 
ous deposits, such as Gfobigcririi) oaic, accumulate sen- iloivly; no ancient 
deep-scyi 'tcdimcnts of tins type arc certainly kiioism to occur in the pnrserrl 

coiitincrita] areas of lilt si'odd, 

LimcslciJies nbo differ significantly from detrital rocks beearrse they react 
differently to dlageiiic processtt. Tlius limestones geiieralty have not been 
compnried giisitK under tliE load of overburden by the simple closer crowd¬ 
ing of Ihdf particles and die progressive reduction of pirc space (.sec- Fig¬ 
ure 13-i, [J. 11 . Mori limestones, iKmi-rcr, Jie essentially LiddiiE tu Uie pri¬ 

mary porcisiri of theoriginfll sedimeut even though adjacent sandstones and 
shales remuiu highly porous, Tlieif comniun dense stnirttire has rosulted 
from tire tiglit ceiiientatioii of calcite groins bj ealcite intnxtuced in solutioii. 
or bs' the alteration and consolidation of aragonite mud to form fine-grained 
calcitc, Parts of some fragroentai or oolitic limestancs like tire Salem f Mess,) 
of Indiana, howes'ei. appear to have escaped ecmentaticm and they have re- 
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nmned pcroiis. Surh limestones ocetir both as bedded deposits and as reef 
masses. Others hnvc actjuiied seeondun' poiositj' os the result of pintial snli^ 
tion by circulating ground water ( see Figure 121, p. JOfl). 

Calcitc is an estremely mobile mmenil because of its ready solubility^ Re- 
cmtalii^atioa in Ibncstouc is feirly comjnon and original textures may be ob¬ 
scured, altered, or destroyed piticulariy hi dolomites- Fine grained material 

likely to dey^dop coaiscT crystalline structure dthei in its entirety or be¬ 
tween the larger grains. The origin of very fine-grained limestones is donbb 
fuI.Most of them probably aRr local biochcmital precipitates although some 
may ccmitit of findy commimitcd fingments derived from the niechankal 
bieaLing down of coaiser organic debris. The general undersatnmiiDn of ca]^ 
ctui^ carbonate in sea watcr^ C3scq>t in shallow tropical situatrons^ however^ 
provides good reason Co doubt that fine grains or cry'stals cam be transported 
far without being lost by resolutiaii. 

Dolomite 

Complete giadarion oeciiii from practically raagnesium-fiee limestone to 
rock consisting almc^l exclusively of the mineral dolomite. Calcareous niate- 
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rial of organic origin in romc compaTatively recenf sediments may cuntaiu 
SpcTccfit or more of magnesium. This demeni origtnally ii held in solid solu¬ 
tion in calciie, but the mixture b minemlngirally unstable and if b Teoigao- 
ixed readily into difscretc ealcrte and dolomite crystals. A higher magnesian 
content a almost certainly the result of replacement and the piogrcssEve ap^ 
pearance 4nd growth of dolumitc crystals within limestone; This subsirtuticm 
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sccni$ to be acEoiTipIisili^ on a voTinn&'for-voluiiic and not a molccuTai basis. 
The time of dolomiiiaatinn is not known with ccitamty. It piobably occiinod 
most commonly soon after the deposition af calcareous sedimenU and the 
magnesiuni almost ccrtaiiily was withdra wn fnsm solutiou ta sea walm. Some 
primary dolomitic limestonta have been reported but the achial existeoize of 
such rocks is doubtful eicept possibly in assoemlion with evaporites. AI- 
thoiigli dolomitQ of all geological ages occur, they are much more comnioii 
and more widely distributed in the Silurian and older systems than to the 
Etevanian and younger ones (sec Figure M)- 

Mixed Rocks 

Manv aedimentary rocks consist of variable mirtuies of detrital materials 
and calcium caibanatc. Distrnctinn should be made in this class of rocks be¬ 
tween those which have calcite only as tulroducal chemical cemeut and 
those which include scdiioentaty lime particles. Tlie calcium carbonate con¬ 
tent of the farmer type has no significance so far as the early history of the 
rock is concmicd uiiless it was derived by the soludan aud redeposition of 
calcareous material origimlly present in the sediment. This mrely can be de¬ 
termined. Calciiieous cement commonly reflects only conditions that existed 
during diagenetis. Lime also can accuniidate in the soils of scmiarid regions 
where moisture is diasvu upwwTd by capillary action and cvaporai(3 to form 
caliche, Sedimeotory lime mixed with deltital material, howci-'cr^ piovidej 
Important informatiou concerning dcpositioiiBl cnvirolmicnts, ^ 

The proportions of detritaJ sediment aud lime tii mixed rocks are difficult 
to estimate. Iinpurity is much more apparent in rocks with shaly bed d i n g, 
ttttdling from variable mixtures in adjacent layers, than in mixtures that are 
homogciicaus. Chemical analysis or study of insoluble residues may be neces- 
$aiv to dcteimiiic even the appituduiate ratio of comtitueuts. In fine-gjaiiied 
dominantly detrital rocks, acid testing generally is required lo establish the 
occurrence of lime. If the dcid is diluted, this test fciilj lo detect dolomite. 

Leac/icd Struta 

Just as calcium carbonate cau be irTtioductd into sediments after deposi- 
tinn, so ulsn it can be removed b)' solution. Leaching is accomplisbcd by the 
downward mtivement of ground water atid occurs only fn a terrestrial envi¬ 
ronment. It gcneally is part of the normal withering process. Leachiitg is 
active aluiofit everywhere beneath the present bnd surface except in the most 
arid regions, and in many areas it has been in eperation for a very long pe¬ 
riod of time. Siniibr Inching occuned beneath land surfaces in the geologic 
past. 

Under humid nmditiom and in w ell drained situations, lime is rranoved 
by the geucral ground water cireulation. Thus outoopping rock may bt 
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ZONE 

I 


SURFACE SOIL 
MAY COM TAIN HUMUS 


-riVlK- 

- 'vl^i 


C KEmiCM^T 
□ECCMPOSCD 
M*t S£ STiC-Ht CL^T 
Buac^lt rEKTuflE 


Icach^^l and only Hit msolublc icsiduts rtrmin. TJiis » Hie way most limr- 
stoTics ate mJnccd tv rcsidiiiiJ clay. A sand} liTiie$tajte, may he 

altered ta material that has all the 
appearances of an ordinoiy noncal- 
careoQS sandstone, Esamples are Ike 
Dutch Creek (Dev.) nnd Ro^iclarc 
I Miss. ) saiudstGiies of snntkettt lilt- 
nois, whose nutciops pass into qqite 
different t}-pcs of in the snb- 
fmiace. \^ei) argilLicenns or silty 

limestone niav be leducod bv leach- 

■ ■* 

iiig to a lightweight porous aud 
sporig}^ material which h i^sily com- 
pressed hut nol broker; when sLiticl: 
witli a iiatumer. 

In poorly drained situations, par- 
ticuJariy ia unctimohdflted aigilla- 
ceons material, a wrat/ieriug projfjlc 
may devetop consisting of upper 
[eacticd zones and a lower zone wdicre 
lime is concentrated coiiimonly in 
impure calcaieous nodules as lUtiwn 
in Figure 15* Example! are many 
PeiiJisyivanian nnderetays and Pkis- 
tocene intergbcial soib. 


ZONE FT- 
3 


ZONE 

5 


±^d: 



LCACHgO 4^0 
OJt\OiZ^O 

IftQH stained at top 


Ui4tE:ACHED BUT 
OXIDrZED 

mat contain 
SECO mDABt 
HODULES 


UlfAiTE:R£D 

hATEaiAt 


Fr^urt 15. Column shewing the ^harac- 
f^riirlc aemm of a iiKifvrBiy ^egthera-d toTf 
profilv. Rvlofti^^ deveJoptTrbui 
of w^ofNiired xonEi d^pantJi uprif! iM 
^topied tims of sail rarmalion^ ilfualiofl 
wiHt io drsinai^e, ond kind of 

p^jhtnt iTiafvnar VVetalhaling arc 

w«ll pm«F¥cd \n Ofe-PltfliiOMrrt 
le<^^^ler^h. The undartloyi bnncol^ Cof- 
ban^nroui cooli* hai«Ei>«r, $how EOnolion 
nry himllor 10 thlr 


r/nrttmg Smd Gmfns 
Some limestones, otherw'ise com- 
pafaUvely pure, contain more or le^s 
abundant disiemiiiatcil or ^so^^ried 
Boating gTiiins of qiiartz sand scat- 
Icrcd through them. Similar sand may 
be present in impure limestone or 
shale where it is much less conspicu- 
onsf. Floating quartz grains gcneiaHy 
liA\x been accepted as identifying ^'elastic'' hinestoiie imdcr the assumption 
that qmjrtzsiirtd leqiiircd waves and currents for ib tonsportatioii and^ there¬ 
fore, that comparably sized calcifc gniiiu avctc similarly transported. 7hh b 
almost ccrtainiy true for some mintmts of this type* Flositiug rand is gen¬ 
erally in the farm of well-mufided and frosted grains of tlic kind that is com' 
Fiicnly interpreted as eolian. There b At leust tin; possibilih that quartz in 
roiiieiiincvtones of this kind was carried to the pta« where it now ocniis bv 
wind. 
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Carbonoceous pnd Bituminous Rocks 

Organic imltei msj occur in any kind of sedinienL Few ncivU dqiositcd 
modem marine sedinientB contain less than one-lialf of one pciemt or more 
than 10 percent. The range in teciestnal secUuients is greater and mrics from 
piactkally nothing to Dearly 100 percent in peat. Large ammints generally 
arc indication of fiesh-i\ater marsh conditions. Fiiie-^ined near-shore trLi- 
linc sttliniaits avcpge 2Vi percent and open-sea sediments about one per¬ 
cent (see Figiirr 51. p. 15>}. Also organic uialter generally is two to five 
times more abundant in fine-grained muds tlian in sands. 

Alfcrafion of OrgcfntrjVfflttcr 

Appreciable amounts of organic matter may be deposited Uith sediment 
but imdei favorable circumstances most of it is consumed as food by ani' 
mals or undergoes hacicrial decay. Normally it is osidii^d and transformed 
into carbon dioside and water and completely disappears, it the supply of 
oitygcn is limited, methane may be formed, ITicrcforc. nmcii of the organic 
matter ttmt survives and becomes u constituent of scditnciiLaty rock owes its 
existence to some uitermption of this process, generalJv acconiplished by ei¬ 
ther (1) scdiincmtary deposition so rapid that destruction is not completed 
or (2) the development of anaerobic or toxic conditiiiiis tlrat inhibit most 
organic action. 

After decomposition eeasesp at a depth of a few feet in most deposits, or- 
gauie matter remaining in sediments is subject to dynamic action and suflei^ 
hirthcralicrition. The chemistry of organic inattei is so complex and the dit 
ficnitv of citratfing it from sediments and rocks is so great that little is 
known about its actual coroposition nr the detuils of its alteration. In a gen¬ 
eral way, bowes er, orpnic matter is piogtessivdy deoxidized and dehydrated, 
and compounds ncher in cat bon or in hydrogen are pnxiuced I see Figure 17, 
p. 671. Ill sonic cases this process can continue tn the dcvclnpinent of 
graphite or ptacLicaily pure carbon, 

Differoiit types of organic matter fate differently in both organic and dy¬ 
namic envimnnieiifs and some are considcTably more stable jind resislant to 
change than ntlteis. Animal tissues that contain much protein deenmpose 
more rapidly than vegetable and are less prone to kav'c a carlwnaceous resL 
due, 'Fhc cellulose of plants caimul he used a* f<K)d directly li_v animals but 
It is rcadih' decomposed by liacteria. It h believed to lie almcwt itnnpletciy 
climiimtcd during the peat stage of the coalification process. Lignin, which 
makes up alKiut half the dry weight of land plants, is more resistant. Waxes, 
f,its, and resins persist w-ilti little change in most sedimentary rCK:ks. Some 
special degnliUtioQ products such as fusani also resist fiirtlict altcratioa. 
Most or^ntc matter probably is not tranisported far fiom its place of origin 
without destruction. Rcsinnus particles like spores and also fusain, however. 
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can be camKi Itmg distances and deem in all types of vcdimentaiy^ wck 
chiding swme otherwise pure limestones^ 

Cog! the most easily studied organic material associated "with sedimen¬ 
tary^ rocks. It coustihites a series whose membeis are tanJeed according to thdr 
carbon ratios i pruparliotis of ftied caibon to fixed carbon plus volatile mab 
ter detennirieci by proxinnite amlyie$)« moisltue content, and heating 
values (see Figure I Zb, p, Observations shew tliab, in the same sedi- 
rnentary basin, ^tiatigniphically lower coal bed^ gpoetaJly Iiave Urger carbon 
ratios than upper coats. This rebtioo cscjiiplifies Hilt's law, wluch states that 
\hc proportion of fixed carbon varies direi^y with the depth of burials and 
ii 3 ixStctioD of dvnaTn ot.'bcmie^l ^Iter^tion infl uenced by both in creasing 
pressure of overburden and inaeasing temperatme. Likewise; carbon ratios 
increase from an area of gentle itmctiire toward an area of pronoiniced fold¬ 
ing as in the Appalachian region (see Figure 16)« Finally, fhey also mciease 

EAST 



Figure 16^ DlogrurA Sfur«eijrkg mnk of PMhburgk cool ta it h lTQt«d fat 

a f^btanca of aboul 130 ml Imm is pO-ini 25 Wfif of Whe«1 Ing^ Weat Vifglriio^ 

to n»ot CbimtiHHEnid, Mery land. Tli* saguhliEHl hOi bMn made thnf luch mwtomCr- 
pHlim In coal ii rviOtad Us incrvotvd cttactural dnturbimcv, bvi tmy connicHiHi of 
ritk kind aJia biA ^IgnrOLiiJy N#Vianh«lv% lYidflrKz ttiEii pnsr^ 

iyt» flnMlet tHan Ihow rtHuUkrg frOttr W«lghl cf ^VArbunJen mny develop in itnK- 

turciNy diUurbed arttu emd rhot rJi«a pr-emarn hw^ Erffeci^d cool cornpuitfon. 
iAhwr ComphwH, IV30. fcon. G*o!., vol. 25, p. 631, fig. U 

to some extent in older 5h3if3. Thus most Fideozoic coats are of at Irast 
bituminnils lanit whereas most Tcrtisuy'coals are liguiies except near i^ecits 
inbtisions or in areas highly deformed stmctrirally. 

.\nittial Ttmains deposited with other sediment presumably follow a some' 
what itmilar course. Because lliey do not occur in atenumbtions com- 
parable to peat and Cttil, however, they cannot be studied and anaJyicd in 
tbe same way and the natme of piogressive cluui|es is less certara. Also there 
seems to be good reisoq to conclude that pressure, temperatnre, and time 
act simibiiy on the mote dispersed Organic matter that constitutes a minor 
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part of tnany scrfimctitary rocks, Obvioiisly there is an itiipartanf ditfcteiice 
between the degcadatioo processes tliat produce carlwnaccous matter litc 
coat^ttut 18, eniklied in caibon—and bihunimous substances like pebo: 
leurri. Dyrwniochanical alteration of the lallei does not involve depletion 
of hydrogen to the same eslent ii in coal fsee Fignrt 17 k Mevxrthdess 
petroleum othibits a scries of campaciLle changes. Thus nils horn older and 
deeper strata anti inore stnictuialiy disturbed areas are cotumonH tighter tn 
gravity, more paiaffiiiic in quality', and, thciefoie, relatively richer in Hydro* 
gen. 



Fiffut* XT. CuFww ihowirrg rfi« ralorivB tiydfoflon rtnieni cf 

chIi nnd pBtrfliBum » rtJirrtd *9 rtifban. Hydrogen b fnJHy lon- 
tMof or dKrMiin only '"ry lllgtrtly Iwrtojlng rant o» COoI, 

Hilt kndientet ibol hydtognn Oftd turbo n om bit OT oimoit tfirtiol 
rajoitve rot*» doring ibe procia of eoollflealion unti! *l» anthracilo 
shign b nathod. In p»ettol»kFin, howerar, the proporlion of hydro- 
gtn oenBrahy Iwreaset b t+iB IlflhtBr ond tUgbor grodoi. (Dolo 
from Finnrtt, l^H CooJ, p. 333, fig- 7.14. end Tomlctitlf, Iff54, 

Cooh «nd bftvJnani^ lobb, fig. 2J 

Petroleum does not appear to be a pividuct derived from land-plant vegeta¬ 
tion as is coal Whether the carbonaccoin and bitominmis substanecs owe 
their disstnjilaritics to original diffcreiiees in the kind of organic material 
buried in lire sediments, to environ mental diffctences that inBiiencod early 
decomposidoH, or to some other rause is not tnensn. It does not wem likely, 
hciwcvw, that differences in dynamochemical action are responsible, 

In summary, the amount and kind of organic matter present m sedimen¬ 
tary rocks is the balance between that produced by oigpntsms and de¬ 
posited and that destroyed by o^nic and dynamic processes. This is de¬ 
pendent upon a variety of factors of which the most important arc 11.1 abun¬ 
dance of organisms, (Zl kind of organic material available, (») distance to 
site of deposition. ( 4 ) emiranment of deposition, {5) type of sediment, 
(6) mpiditvof deposition. [7) weiglit of overburden, fti) heat. {91 amr>nnt 
of stnrctural dcfotmatiott.and (lO) age of lodcs. 

Became of partial dynamochcnricaf decomposition, (ironic material is 
somewhat less ahmidant in most consolidated rocks than b corresponding 
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sedinicnts, Miirmc sandstones art likely to contain vcjry little otgatiic matter 
but terrestrial sandstones may include considciabk a-nionnts- In spite of the 
abundant life recorded by most bm^tones, these rocks gcrteralh possess a 
iniiiimnm oTgiEiic content althongli there are many exceptkms. ShakSi both 
marine and Fresf^'i^^ci* arc the roeb which as a cW are ridicst in organu: 
material. 

Color 

Although there is a general correliition between increasing amonnb of or¬ 
ganic matter In rocks and daikci coloi^ it is not cloie, and organic content 
differing by a Eaetor of £ve may make little appreciable difference in color^ 
aj showti in I'igmc IS. Slant rocks whose tlaik cidors result from the prcsmce 



F»gur0 18. Diagram ihawmg reFailani bo^DH^n th? ar^nlc Ctirbpn uril«rtl of 
^drmvnT^ and lhair tigbrn^u Pr dorkpa^i of cpipr. AlltlOUgH a ge^rt^rd corr^laldon 
k ppppTvnig cofr»pond«f^B n not doio, (Adopfod from troik ond f’DlAode^ 1^37, 
DrJifmfl and prPdiOi p. fis- 4, hy pcfpiiiiipp pf Amoricon 

Pefnaleuiin IntlltuhiJ 


of (irgatiic matter cemtain the degraded catboruzed remains of plants. Many 
bituniinoiis roets may be either light colored at d4ik l^ecausc carbonaceous 
matter aho rs present. ‘Tlie Green Rtver Shale (Ttrt.) of Colomdo and 
neighboring states lias attracted much attention bcoiiisc it is a rurli oiJ shale 
hut much «l it contains little carbauaceotis matter and is not dark colored* 
Snimu dark seditiicntan roek^ owe their cDlor to very Bnc^raincd dis- 
leminafcd iron sulfide. "^Thh ^nbitance prubabh rvas produced by the rcduc- 
tiDit uf Aulfates by bacteria acting on organic matter shorth after deposition. 
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Its presence presuinablF indicates some depletion of the origindl OT]g;^Tiic con¬ 
tent of the racks. 

Chert 

Much chert occurs iis secondatv concrclicmair nodules in Inncstonc, but 
legularly bedded cfiert is present in some formahnns and othcis consist of 
great liiickiiesses at clitrrt iiitemiptcd only by shaly partings. Such fonnations 
as the Aikatms Nrivacidite i DesvMiss-l of Arkansas and Woodford Chert 
fDcv.AJiss.j of Oklalnmia and the Monlerey Chert j Tert,) of southcni 
CalifOTnia include entJmious amounts of silica. Any esplmation of their 
origin cnconnters the pmblem nf itssonrcc- 

Sonie thick chert fonnations are associated with other racks considered to 
be charactenstic of a gmsyiicliiml ens’iroonient. The suggestion has been 
made tlcil the silic-a is of voicamc oiiEm derived either directly frurn siliceous 
submarine emanations or indirectly from the alteration of submarine lava 
flows. In cither case tlie sUica is supposed to have been precipitated as a gd 
that later vtas dehydrated and transEormed lo chert. Among the obitxtions 
to this thcon ate the Following; (J) Tire great chert formations arc not 
knosvn to be associated with evidence of important suhmanne volcanism, 
and l2l siicEi presumably gcosyndinaJ Java Bows as those which ijcoit in 
the Catoctin and Unicoi formations (Prccamh, and L, Camb.) of the .'kppa- 
lachiati region are not known to be accompanied by important chert de¬ 
posits. A more probable esplaiialion is that the sJtca was produced by the 
normal weathering of silicate miuerah in igneous rocks on nearby land, llie 
silica then uiay have been transported in colloidal furm to the sea, where 
decrease in alkalinity canned its piccipitalion as a finely divided sediment 
rather than a gd- Later diagenetic changes resulted in the development of 
chert. 

Other explanations relate thick chert farmations to the alteration of 
iliatoiuite and the silicification of limestone and other rocks. Careful study of 
the Monterey Chert stiggests that originally it consisted largely of diatoms. If 
this is tine, it may not be necessary to seek an extraneous source of silica. 
The extensive chcrtification of Devonian limestones in southern Illinois and 
weslem Teunesscc suggests that the Arkansas Novaculite and Woodford 
Chert, which probably include strata uE similar age, also resulted from the 
Siliceous Tcpbcement cf limeatoiie. Tuff beds ocenr in tJie stratigraphic sec¬ 
tion of .Arkansas and Oklahoma, hut they do not give evidence of long-con¬ 
tinued volcanic activity or provide an adequate source for all the silica. Simi¬ 
lar toff deposits liavc tiol beCn tccr^nized in Illinois or Tennessee. 

Bedded chert in some limestone fonnations such as the ECinkaid (Miss.) of 
southern Illinois arid western Kentucky is similar in character to nodular 
chert in this and other nearby adjacent formations. Tliere seems to be do 
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tjee^ity, therdoit, to account for it otherwise than as the itpbcenient of 
lime by silica. TTic difference in tiwuiiTenients appears to be that 
conditions ftictc uniform throoi^hout certain beds rather than localized 
about varimis centers which became the site for growth of chert concictians. 
This iqilflccmcnt may Iiaicocnirred at or dose below the sea bottom shortly 
after the deposition of calcareous sediment. 

More 01 less bedded chert also can develop by the alteration of sandy 
strata, particularly those in which sand was cemented by cal cite. ITiis jlcf* 
seems to involve the replacement of lime by hydrated silica arid probably was 
accomplisherl by circulating ground water- In southern HI in o is two cherty 
aoncs in outcropping Upper Mississippian limestone correspond to sandy 
zonsis encountered in nearby wells. 

Although primary chert of more or less nodular form has been reported at 
nimeirjiis places, no completely satisfactory or conclusive evidence for its 
existence has been presented. Probably nio-st if not all chert was produced by 
the alteration of original sediments o( calcareous or Oigaiiic siliceous naturer 
This altcmbon may have occurred very soon after deposition or much btet, 
and cJiert of more than one genciaiion certainly is present in some fumia- 
turns. ConsequeiiUy the occmrence of diert generally is believed to be in¬ 
dicative of post-de^)sitinnal coiiditkmi and processes allhtiugli tlic original 
nature of some sediments midoubledly predisposed them more than others 
to chertificatknL The characters of sediments that rendered tlicm more oi 
less susceptible to siliccons replacernent and the physical and eiicmical fac¬ 
tors involved in Um alteration are. however, poorly understood. As previ- 
omly notcrl, the source of large amounts of silica necessary for extmaive 
tcpiaccment remaijis an unsolved problem, 

Evaporites 

Redded deposits of gv-prum, anhydrite, and rock salt constitrite the 
evaporitic racks. A variety of other less common minerals are associated but 
thrac rarely occur except as very' minor constituents. 'Hie evaporites. as their 
name implies, generally have b«n produced by ptocipilation from sohitiotis 
concentrated by evaporation. Tliey are neiQier detiital sedimcnti nor do 
they' owe tbcir e.xistcnce to any ItirjE] of biologic action. 

'[be mast obvious and adequate souret of the evapolitic rocks is the min¬ 
eral matter carried in solution by sea water, and most of them have been 
derived eitlier directly or indirectly from this somce. At the present time 
the sea is estimated to contain dissolved matter in the quantities shown 
itiTable S, 

When sea water is evaporated, lime soon begins to precipitate, and when 
the original volume has been reduced to 20 percent, essentially all has been 
cinnmated from solution. Gypsum begins to precipitate when the volume 
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ha< reduced to about ZS pctcent. About tn’O thtnds of the calduiu s^ul- 
fate has gone doHn when the vobuic of water reaches I? percent, but addi- 
tional pTCdpitatioii continues to a volume of about 3 peicenL Sodirnn 
chloride begins to appear in the precipitate when the volume of t!ie solution 
has been reduced to IG petcent, and at a volume of 4 percent about two- 
thttdf of it has been thinwn dorvn. Other tails, parlicuLutv magnesium cIiJoh 
ride and siiHate, begin to precipitate almost simuliancousty w’illi common 
salt but aroounts are small ntitU the volume of watei reniaimtig is only 2,5 
percent of the original. At a volume of about i .> percent, ctimple-t salts begin 
Id crv-stallize- Over 20 percent of the total original mincnil matter is stall dis¬ 
solved iu this con centaated brine. 


TaMJI 5. Quantitlsa 6if tbe PrEncipfti^tlificTttt SubitHnccs! Oissoh'^d m Wsiei 



Cubic Miks 

Percent 

Ratia 

Depth of WntcT 
per Foot of 
Solid 

urboEmUc^ 

15,000 

0.3 

0.4 

2iono 

Cak^uni HGilfiLte 

200 .r> 0 t> 

16 

4.6 

i.tloo 

^Hlium cfikiridc 

i,900.0D0 

77 .S 

100.0 

S3 

Othw isiti 

^OO^OW 

1S.3 

^.5 

asa 

Pcvtzl 

5,013,000 

lOO.O 
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llie foTtgobig quantities of salts and scries of precipitates shows tliai 
(1) the evaporatiou of sea wstci should prctdocc a natural progressinii of 
different precipitates overlapping to some extent but occurring in □ definite 
order, and [2) the different products of evaporoHon should occur in certain 
definite proportions to each other. Many cv-aporitic deposits, liowcver, do not 
show tliii progression Or do not occur in these proportions. Tin's indicates 
that a simple hvpothcsjS of evapoiaring sea water is not adequate to account 
for them. Fiirthermcite the great thictnessea of some cvaporitic deposits de¬ 
mand depths of tt-alCT that appear to be prohibitive. 

T/ieorfei of Origjn 

The commonest cxplatiatiDn for the diqicisition of evaporites posUilats 
that 3 mote or less extensive flooded area in an arid region, possessing re¬ 
stricted or intcimittcitt coimectiou with the sea. was so situated ihal rvater 
loit Ij^' evaporation was replenished but return circulation of concentrated 
brine did noi occur. Such a situation might have existed either in a fairly 
stable shelf sea or in a mbsidiug basin with free circiibtioii prevented by 
sediinenUry ban, growing organic reefs, or tectonically produced and 
niaiutaincd baiiiers (see Figure 19), The physical Tclatiiim of artuaj evap- 
orite deposits geneiany ore inadequately known, but the Permian salt of 
Kansas may illustrate the shelf type whereas the Siltnian salt of Michigan ai- 
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most cErtaijiiy is related to the slnjctinat histoir of the Michisaii lasin fsec 

Figure ISOA. p. ’iHf}). 

Vamtioiis with i^rd to the iniriiie connectiotis of an evaporite basm. 
w'hethei constant or intermittent, and ciimatic fiactnations ^v^>u]d determine 
the nature and succession of cx'aporites, Noimally these should start with a 
thin iiiiiestone, tie followed by a tliicker dcpostl of gypsum or afthjtJrite, and 
be teiijiinatcd by thick salt. Because of coutiiiuntis precipitation, each meni' 
bei should be cootaiiiinatcd by small quantities of the preceding ones Also 



FJflUJt Potsofjftugraphk imip of rtip Miehpgan bairn region duHrig Sntli™ tsrt.i 
1>m». Flucluationi Jn r«1aHv» t«o IcvdI fovioO iborelirei ro cdvonce and i-Btreor AI rEmei 
of iowired water level communleatian cf »he boiin a«a wirii the nelgjibonng more Open 
reiftKlEd, end exceiiive evaporation tauied preclplteliqn of lolt The 
bwter that encloied Hia ba»n orr rfiB eoiT fhoy hove eonuUed cF organic reeft rcompote 
wilh Figure 186. p. 494), lAffer Brrggi, tP58, A Sediment, »o|, ^ 8 ^ p, 55 ^ «ig J 


detntal scthinttifs miglit be intmdmx'd anysvhere in this series. Such con- 
reiitTatinn hy csaporation and precipitation, howncr, luight lie imemipted 
at any iKunt so that the sequciice need not continue to ctnupletion. Moie- 
nv^ Huctiiatioiis in the iijtredutiioii of nnirinc or fresh sratcr might lesull 
m the evTcUe alteration of different cs-aporites snth as is reported in the Stass- 
turt deposits of Ccnnaiiy. * 

Hic occtmeiicc of gjpsum w anhydrite without underlying lumatonc. 
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which is eoninion in Ihe Penno‘Tridv<iic red beds of tJic west, or the ocettr- 
rence of salt without aiitecedeat gjpsum or anhythite, which appeats to be 
the situation in some parts of Midiigan and Net\' Voifc. shows an important 
deviation frtiin this pattern. The great purity of SOuie esaporites also seems 
to otdude the possibility- that these have been prrxlueed by the direct es'ap- 
cuaiaon of sea water* Finally, the general absence from evaporites of all 
fossils, sucli as m igh t be expected to record the presence of pelagic organisms 
catried into au evaporile basin with sea water, has been ealletl to notice. 

These and otlia anomalies seem to necessitate some modification of the 
general harrier tlieory as applied to the orfgiu of manv evaporite deposits and 
suggest that some may have developed in i]nite different wayi, as follows; 

1. Surface evaporation and ciicnlatioti of pir^rcssivcly more coiiceu- 
Iratcd brine resulted nariirally in the lateral segiegation of different evap- 
Orites (see Figure 20). ThU might occur in a very sllallow bay connected 
with a tideless sea that was not swept by violent storms. 



fjgVFB 30. Sdiemalic dingrgm itiowitg wdNir circulntiw In aji eimfioritp bosJn, line* 
ot equutl hfln* deniity, end corresponding dtUftbilllon of aVOporiPe depoifli. lAfPer Elriggi, 
19S7, MieJr. Jtrt»d, Sc*., voJ. 42, p, IIQ, fig. 3, hf penitFuEan of Iho Uitivertlfy of Wuhlgnn,]' 


2. After partial conccntratitMi, the itsulting brine may have been drawn 
I iff into another restricted basin where further concentration and preeipilar 
tioH occUTted. ’Hus would serve in some degree to segregate later fnJm earlier 
prccipitaUoa pioducts. 

1. Coiuuxtion with the sea was not iiraintained and a salt lahe wasted 
uway by es-apriration. Ai it shrank hi sire, later precipitates would be cou- 
fiiicj to smaller and smaller area,! and consequently they wcruld produce 
relatively thicker but less extensive deposits. 

4. Sails were derived from cnnmle water and adsorbed substances present 
in older maTine sediments. They were leached by rain and delivered to an in¬ 
land basin unconnected witb tlie sea. Deposits of this type need not be near 
OT associated in anv way w-ith contemporaneous marine strata. 

5. Salts were derived from older evapontes and dclivcicd to a similar in- 
tand basin. Unda these circumstances fractional solution, particularly of rock 
salt, might result in purer evaporitc deposits, 

6. Salts were derived directly from the wealbering of igneous rocts and 
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ACCiiTnti[dtcd in mlotid bs^n. Thi? mlghl produce evaporite deposits 
qdte diffeiiErnt in cempo^rtion fiom those derived from sea T^'ater. 

7, Brme biought to the surface by capillar}' action evapomted and salts ac¬ 
cumulated at the surface. Tlicse then tmosported and eonccntmtecl by 
the wind m in the g]Fpsitm dunes near MaroDgordo, New Mcsico. It i$ very 
tailikcly that any rack s^l deposib tiad this origin. 

8. The action of &ulfatc solutions alteird limestotie to gypsiniL Tliis proc¬ 
ess is repotted to have occuned in the Satina Fomjation (^.) of New York. 
Such g>p.sum is not a tme e\-aporit€ and no snnilar process can account for 
salt deposits. 

AIT cs'aporite deposits demand tlic ctistcncc of arid conditiems so that 
evaporation loss eiceeds the contrfbutiou uf fresh lA^atcr intiodneed by 
streams or fumished directly by Tarn. This loss amounb to as much as five 
feet of water per year or even more in some arid regicrus at the present Ume^ 
AJthough aridity may have been mor^ widespread at some tunes during the 
geidc^c pst than at others, and regions probably have alw-ays been lo¬ 
calised much as they^ are today. Tlicy are determined hy geographic con¬ 
ditions and generally owe: their existence to motintain ranges that stand as 
barriers to TTiOLsture-bcariiLg winds, hv^porites arc present in aJ] geologic 
sj'stcms from the Cambriiin onward and they arc being formed today, 

Evaporites mayor may not occur witli red beds. Ai^iation wdtJi red beds 
commonly identifies e\’aporile& predpiUted in cxtcnsiDijs of shallow shelf 
seas. Ihose deposited in sinking basins are much more hkdy to constitute 
parts of non-red sequences including important maiiiic limestemes. 
orites rarely developed in actively sttbsiding gtt*syiidmal bells. 

Cyp^Tim I'S. .Anhydrft^ 

Calcium sulfate forms bedded deposits of both gypsum^ C3S0|'^2H-.0^ 
and anhydrite* CaSOi. and these twrr minerals are knowTi m vanons degtecs 
and conditions of Mvsocuition. The occurrences arc such that one or the 
other mineral appears to be primary at certain pbccs but at othen it mav be 
secondary, having been produced by altera tioii of other, Tlie physical 
chemistry of calcium stidhtc in complex brinei is not well understood. Ejg- 
periuicnts liavc indicated. tiowe\xr, that in a satuiated solution of sodium 
chloride, calcium sulfate cmtalliaes out as gjpsum at lower tempera tines, 
and as anhydrite at higher ones. The conv'mion point has been detcr- 
mmed vannusly to be between 77 and 86“ F. 

Some outciuppmg gjp'iiim deposits pass mto anhydrite in the sub¬ 
surface and thej' are bchwed to have resulted frorn hydmtion of the latter 
mbiciah This alteration mvtiUcs a vohime iiicteasc of about 60 pcfccnf and 
tlie contortL'd and otherwise distinhcd stnictuie^ of some gypsum dqrorits 
are attributed to inch mduced Mvdimg. The flltcration of gypsum to ouliy- 
drite is less certain. Mineral rclatiuni in the cap nock of some salt domes sug-^ 
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gest that mcreaicd pressure and teniperatttte have rc^^ulied id the ddiydia*’ 
don of gypsum. If such an alteration does oectrr, it is accompanied by a 
vnlume decrease of about ?7 percent. 

Tire comtnon evaporibes become plartic under pressure. Rock salt par^ 
timlarly exhibits much evidence of Bowage. as showis by highly contorted 
stratificahon. This may result in the extreme thickening and thinnin g of 
beds. It ii responsible for the development of salt domes which occur in 
several widely scattered parts of the world, and foi the concenlratioti of 
great masse;: of salt in diaptrk structures such as those in the northern part 
of western Pakistan and in Iran. 

Rock phosphates 

Phosphites area very minor constituent of the mineral matter dissolved m 
sea water, but they arc necessary for the growth of planktonic plants, which 
provide tlie hist link of the food chain supporting most maruie animals. 
Rapid multiplication of these plants dq>letes the supply in ncar-sirt£ice 
water but it is renewed by currents rising from the depths. 'Ilie most 
abundant maiiiie fannai in the world today occni at places what per¬ 
sistent cuTtenls of this type teach the surface. 

Some marine animals concentrate phosphorus in their hard parts, and 
phosphatic nodules of inorganic origin appear lo be fonning at some places 
on the modem sea. floor. Consequently marine strata and partictilarly lime¬ 
stones may he expected to contain small quantities of pbosphorus. The oc- 
cuneuce of bedded deposiU, generally associated with limestone, which may 
contain irp to 80 percent or even more rakiiim phosphate, however, requires 
special cjfplanatiom. The largest deposits of the United States ocenr in 
the Phosphoria FormaHon (Perm.), in soutfaeastem Idaho and tndghbOTing 
states, which is estimatecl to contain more than five times as much phos- 
phonis as occars in the present sea. This phosphate is belttned to have ac¬ 
cumulated slowly over a long interval of time at the edge of a deep basin 
l>ing to the west where rising cunents maintained the phosphorus content 
of surface srater and thus provided an unusually favorable area for planktonic 
life. The phoiphatc deposits consist mainly of peUds and nodules cnnccn- 
tralfd in more or less ertensive lieds. 'Ihese arc believed to have obtained 
their phosphorus partly from the decay of organisms that fed upon the 
plankton and partly by direct predpitation or rtplactmeut from sea water. 

Other important phosphate deposits occur in Tennessee and Florida. 
The Tennessee deposits are of several Ispes. Some consist of small brownish 
grains, associated with Ordovician limes tone, whose cross-bcddiiig suggests 
a shallow-water origin. Tliej’ are in pari at least replaced because small fos¬ 
sils ate present among them. Similar oolite-Iikc bodies ixcurTiiig at the base 
of the Chattanooga Slialc (Dev.-Mits. i may have been derived from the 
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Ordoviriiin and TcdcpCKitcd. Replacement dcpci^it^ in Situran limcsfoike 
developed by the leaching of overtying basal Chattanuogp 
phosphate, Tlie Florida deposits consist of nodules and pebbles, which seem 
to have originated as tesKltnim partly by leaching of phosphiuic limestone 
and partly bv repbccnient. concentrated and deposited man advancing sea. 

Phosphatjc nodules occur mote or less sparingly in many sLratigraphic 
201 ie£, some of which a iso axnt^in glauconite. Tliey aie believed gaimih' 
to indicate ^'cvy skiw sedimentery deposition or concentraLion of phosphatic 
material at imconformitiE^. 

Sedimentary Iron Ore 

Many sediments contain appredablc ainounLs of iroTi. ajid some sedimen- 
tan Tocts arc ^nfficicotK' fermginou:? to be considered oics. Iron occurs in 
them aj hematite, limonitt (or other hydrous osidesK siderite, ppite, mar- 
casite, glauconiti:, as wdl as other less common secondbiiy mm eta Is The imn 
in all nf them originalh was deri^Td largely from the wEatherujg of basic 
igneous rocks. 

After it IS freed from complex silicate rnnicrjh, iron may be ttansportctl ai 
soluble ferroii^ salts or as ciilhHdal icmc oxide* TIiC fcirriiis compounds arc 
readily oxidit-ed and then hydnilyjc to produce fernc oxide- As most flowing 
water and also mnsi standing water in which dcprsrtiini might occur con- 
tains free nxy'gcn, most iron probably w^s tnmsported in the form of hy¬ 
drated colloidiil ferric rjxidc, ^Micixas riiis may be deposited a$ limonite m 
fresh water, s^alt water under some conditions appears to be an dfecbve de¬ 
hydrating agent, and in marine environments iron oxide probably was de¬ 
posited mainly as fitmatitc. In the presence of organic maccer and carbon 
dioxide, colloidal ferric oxide may be reduced and transfom^cd to sidcrite- 
If hydrogen sulfide from decaying or^nisms occurs, iron may he deposited as 
4 snihde. 

F!xccpt fur recent bog limunitc, most sedimentary iron ore^ appear to be 
related to marine deposit?. The cx?mmrm niincrah arc hcmatJlc, as jn the 
Chutnri cTCh (Sil.) of ASabaina and mote noTtlian states, and sideritc, as in 
the black band and clay worUitone ( PertJi_jH Fyntc and niaicasite also 
are abundant but they mrety 3re conssdered to he imn ores. Ail oF these at 
some places hax e replaced ealcitc but at otJiers they mav he priniat} dqsosits. 
The question as to whether or uut some ores liave icsulted frrsm the tc- 
placement of cakium carboiinte iias not been answered satisfactorily. If they 
have* the replacement probably altered calcareous sediment under some- 
what pecultiir c:i>tid)ttui]s vi^iy swm after its deposition tm ihc sea flaor 

l ire Like Superior nr^n fomiatiom? < Prcc^imb.J^ and rimibr oney jn other 
parts of the world, are believed by most gcobgists to he sedimentary, but 
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thcj- arc quite different from any younger ores and the mode of their forma' 
tion is no! agreed upon. An unorthodoi but possible suggestion is that they 
w-ero prtJdnccd before the earth's asidizing atmosphere became stabilized 
and that the ttansportation and deposition nf iron v,- 2 i controlled by alter- 
nste epochs of reducing and osidizing conditions. 

Sideritt oxidizes ui place during ys«itliering and it is bansfonned to 
liinonite. TIjc sulfides also oxidize to limonite hut their froii conruitmly i$ 
moved and deposited at or near the surfiicc of porous rocks, loiiuing a hard 
and resistant crust. Sulfuric acid, u-hieli also is produced, is iieotralized by 
lime, and gypsmii crystals of constdnable size may develop particularly in 

shale. 

Other Rocks 

Eoicdit Depfwto 

\\'md-bbwti sand probably is not uncommon in the stratigraphic section. 
Sandstones of manv different ages ccnsistiiig of wdl-rouiided and trusted 
grains have been interproted as eoliaii altliougii some, like the St. Peter 
rOrd ), arc obviously w-atei-laid deposit. Many sands, particularly Ibc purer 
ones have had a Imig and varied history. 'Flidr most prominent chatactm 
do nut ttcccssarilv identify the latest episodes that aSecletl them. Evidence of 
the depositional environment of welhsorted sand must be sought in its stme- 
tmts nthcr than iu its rextiirc. Prominent and irregular cross-bcddJng is the 
most distinctive feature of rtuiie sand (ste Figure 32. p 105), It is most Iikdy 
to occur ill sandstones that ate parts of nou-manne successions. Sandstones 
containing nuiriiit fossils obviously am not eolian deposits. Even though 
sand accumulated in dunes along a SdsIiDie, advance of the sea almost cer- 
tainly resulted in icworiung of the sand and the dcvelopuieut of a dans* 
ETCSsivc marine deposit. 

Althou*'h lime sand forms dunes today along some tropical and mb- 
coasts, vcr>' fers^ limestones have htJcu interpreted as eoliau. The 
best-kufm’a example occur on islands like the Balianms and Bermuda, where 
Pleistocene dunes have been identified consisting of oolitic sand, fragmented 
shells, and conil debris. Actually, calcareous coastal dunes have a better 
chance of preserv-ation fliati those composcti of quartz sand because they 
mav become cnisted over with a surficial cemented layer that provides some 
protection against erosion and Teworkiiig, Swell ii layer can be produced By 
alternate wetting by rain and drying, which results in a xmall aiiioimt of so¬ 
lution of thecalcateous material and ledeptisition os ccmcut tii potes. 

No loess deposits have been identified in ancient sediments. If they should 
occur, they probably would consist of massive well-sorted sill with only 
minor evtdeace of bedding. A few local formations of this type are known. 
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as, far eKunplc^ in the Kindcrhoakiiin SeiiH (Nf isig in the upper ^tiss^ls^ppi 
Valley, Such an arigiii of these particuhu silts, howe^'er, i*^ unlikely because 
at some places they contain marine lUssils. 

CLktjI Depojfte 

Cbcinl deposits have becu reported in evm geologic system and in many 
parts of the wurli]. Mostly these supposed tillites art of qucrtiouablc origin 
and niany of them undtaibtetlly have been mlsidentified. The occurrence of 
heterogeneous gravd in an argiHaceous urntrix is no sore indication of 
gladat origin- Mixtures of this kind may be produced hy mud flows and 
turbidity' currents or they may be tectonic breccias ol several different tjipQ, 
One of the most cmatiovecsial deposits occurs in the Johns V^allcy Shale 
(Carb.) of Okblioma, whicb has been considered gkeial, a breccia beneath 
un Dverthmst fault, and tlie result ol tnrfaidity depositioti. Reasonable inter¬ 
pretation of forimtiDns of this kind requires considersboti of other features 
in addition to compos ition and texture. 

Glacial tiff is very poorly sorted. It consists predotnmantly of fine matcrat 
tn which are distributed at TaiiEloii] coarse rock fragments ranging possibly 
up bo Lifgt boulders. Pleistocene gbders at some places moved whole bills. 
For example, a small co^l mine w'as formerly worked m western THiiiois in 
one liDgp erratic mass. Glacial pebbles and Lirgei rock fragmenb of many 
kinds are iirrweatiiered and occur indiseriminatdy mixed^ They* are mnre 
characterisrically faceted than mimded but cuntraiy to general report 
plainly striated specunem are not abundant The matrix likewise is un¬ 
weathered, It couimonly is calcartous and cousists hugely of sharply angular 
ffagmeiits of rocks and minerals. Clayey matehaJ was derived horn 
gromid-up clayey rocks. 

Till commonly is assoefated ^dth other evidences of glaciation such as 
varved claj's and striated rode pavements. Sirnihrr evidence accampanving 
possible anetcnt cmisalidated till contributes greatly to the smeiicss of idenri- 
fleation. Although glacuil deposits may be very restricted arediy, as in the 
case of vaDey glaciers^ the extensive occurmrsce of blUlike ciLatenal is sig^ 
ni&cant because other similar deposits ore likely to have been much more lo¬ 
cally developed, 

MttomoTphk Roch 

Metamarphism ol many sediments begins as soon as they are deporited 
and may continue more or less intcrmittcuUy until scdrmentaiy material has 
been so greatly changed tlia! its original nature Cinnnt be recogrtb^cd, Pioc^ 
esses such as compaction, cemtntation, and some types of Tccrystallizaation 
and repbeement, that convert fresh sediincnts to consolidated rocks^ gen¬ 
erally are tejmed dijgcnesir. In contrast* more drastic alteration induced by 
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heat and pTtssure, gieatci than the changes rtSuUitig snlely from dcqj hiuial, 
produces different types of stmchiies and new mineral assodatious. It is dis- 
titiguislicd ttdtnically as m^amoTphisftt. 

Most high rank metaramphic rocks such as trwlallmc schist gneiss, and 
perhap even granite liave been so altered that then possible sedimentary 
origins ate imceitain. The sedimentary nature of many low-iant mcinrnoF' 
phics is dear, hQwm’cr, and some of them can he traced latenilly into their 
unttictamoTphosed equivalents in other iirea!. The stratigraphic study of 
nietamorphii: rocks is very difficult because generally they occtn in regions of 
great structural complexly* Also variable metamoTphism has produced dif¬ 
ferent types of rock from equivalent and origuially continuous strata so that 
tracing and identification by lithologic simibrity is accomplished with much 
uncertainty. Fossils commonly arc destroyed or preserved so poorly that 
they provide little assistance in disrin^ishing strata m m dating tlienL Nev¬ 
ertheless, careful and detailed studies in some metamoiphic regions Lice New 
England'are gradually bnngmg to light much stratigraphic infamratinn of 
great interet. 

Ij^teom Rocks 

Intrusive tgneom racks are of little concern in strat^aphy except as 
(1) they were the sowrre of sediments, U] itiey complicate stratigraphic 
situations by introducing ihuctuial confusion and uietamoiphic altera¬ 
tion. f 5 ) the>'record episodes tliat rraiuire integration into general geologic 
history, and (4) they- include radioactive minerals that can Iw dated. Ejt- 
trusivc igneous rocks like lava Bows, on the other hand, constitute itlote or 
less (abmlar rock bodies that may be inteibeddcd with other stratified forma¬ 
tions. Although they differ importantly in origin, they are as traly strata 
and they conform to the principle of superposition as perfectly as any sedP 
mentary deposit. 

Pyroclastic racks are igneous derivatives comparable in some '.rays to 
dctribil roeb, but ctosiou played no part in tlidr productiem. They miglit be 
classed as oolian sediments because tlidr materials descended from the air 
ahliougli wind was not rcrponsiblc fur thdr origin. Some pyroclastic mate¬ 
rial undoubtedly occurs where it originally settled but water was 4 more or 
l<s* important agent in the transportation and deposiriem of much material 
of this kind. Volcanic enrptiotis commonly arc accompanied by torrential 
rains, and huge mud flows may result Also some tuffaccous strata were de¬ 
posited in bodies of standing water which occuned within the areas of asli 
falls: others cfrasist of vulcanic ash that was moved and deposited by streams. 
Chi^nally all pvraeJastic material wis tmwealhcicd. Most of it was glassy 
or very finely crystalline and sharply angular. It was lusceptiTiIe to rapid 
wcalhering, bow'cver, and many deposits arc cnnsidenibly altered. The exact 
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mode of dq^Qsilioi) of many p}Ttx!Li5tic strata b tmeertain unless sedimentary 
structures and tertuna such as cross beddmg and gocKi sotirng or the 
admixture of other binds of sediment mdicate an aqueous enviroiuuenL 
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Textures, Structures, and 
Colors of Sediments 
and Rocks 


Ik AnOTTioK to thcii mineral and chemiciil composrtint), thr natnm and 
characters of sediments and stratified rocks ate determined by their textures 
and bedding. TTic general appearance of sediments and rocks also is strongly 
influenced by tiidr colors and is modified by ^-anous types of more or less 
minor stiuctuita. 


TEXTURES 

TTie teartuTCS of sediments and rocks am largely dq>cndent upon { 1 ) the 
sistes of grains cji prticks, ( 2 ) tbeiT degree of tinifbrmtt)’ oi sorting. ( 3 ) theit 
shapes, and {‘1) thdr packing and cementation. The detailed observation 
and investigation of these features fall within the realm of the sedimentary 
pehologist and rc<iuires mioosoopie or other types of bboratory examina* 
tion, Knowledge of them, however, ts of great value to the stialigiaphcr, 
and it is in fliis field that pctiolog)’ can make one of its most useful contiibij- 
tions to stratigraphy. 

Coinscncss 

The classification of detrital rocks is based on the saei <d the predominant 
or most conspicuous gram partictes and other features largely dependent 
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upon these siza aiid their variatuiiis. A somen-Iut siTnilar classification of 
carbonate rocks can be made on the same basis, hut the diffaences are less 
noticeable and less signihcant* 

Detrital material has been moved from its source of ori^ii to its puiut of 
deposition bv one or another of the three common tiansporting media; 
water, wind, and glacial ice. £jtcc|jt in the case of ice, size of the particles 
moved is generally an important indes to the poteiuri of the rtsiisportmg 
medium became progressively more power « rccpiired to move inenawingjy 
large particlia. SediiDEutaiy material is deposited where transportational 
potenc) falls below’ the isiijiimum that is nrninred to movv it i see Figure >1. 
p. 156). 

The transporting power of water and air increases with increasing cun cut 
velocity and greater turbulence. Aku transpoitatbral dRcietity is a direct 
fuiK.iron of the density and viscosity of the iiiediiini. TTierefctc, ice is mute 
efficient than water, and water it mme effideut than air. 'Phe density of a wa¬ 
ter medium is incicased by the presence of suspended silt and day. tn verj 
muddy fisiidi greater vLscosity inctciises efiiciaicj’ still more (see Figure 21 j, 
Tlicsc varisbie hs’diodynamic factors necessitate identification of the trans- 
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Rflun 21. aiog^qm ihawitiy ixperrmentat fMuhi cf Hie MUlIng of und Qrolnt 
in day Mitpentloni of diffietent denirtin and ill* ruonlly of fSt impenuons tn f«sli 
and »lt water. (Adopted from Kueo.n, IMT, Sac. Ew. Polwit, and Mrw Spot 
FuU. 2, p. 25. Rg. 7. Dfid p. 27, fig. 7,> " 
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porting mcdiiiiii before traiSpoitutioneT processes and hutory can be evalu¬ 
ated 

The fort-going factors are equully significanl xviiU respect to defirtal and 
carbonate sedlmeuLs insofar as dtlier kind ha.^ been transpaited, Tnmspor- 
tation^ however^ lias played a inuclj less impoitant role in fht htstory of 
carboiute sedimcntit. Mostly tbq nrigtnated in the sei and fourid their final 
resting places at or near tbeir points of origin [see Kigiire 22}. Some car¬ 
bonate ted imcnts are related to general fresh-^^ater cnviroiimcnts similai to 
those ai the sea. ^^en- few were ever in trod need into the tcne.^hrial endron- 
ntcnt where they became subject to either fluvial or eoJian cuTrents. Cqhsjc- 



Figure 22. Scdimunt loncf of thtf xea bofipm off I'll* miif oF Flsrrdo, CoCit** 
detrital ^uorfi iaFid'i h ItibEnly rip^friCiod in ihaFiciw wciicr tlian 

100 d^eo necir ^Ke rooih Thm Ouliir lOnei CrF takorBsui sedlin^nl probobi/ ars 
f*toTed fo dfipTh c(Midrr!Dn€ oi Hisjf flxisTed dyrmg late PIbutoce^^ when s&a levef 
k eitSmafed to Kotb stood ahaut 30Q feet Itelow ib pr^atnt ftTrel. JAftHr Oould ond 
SttowDirt^ S«- Eton, Poteon. and iMiner., Sp«- Pubi. 3, p. 5^ fig. 3^^ 

qucntly the farhuleiicc 111 wave action probably Iia$ been a much ninre im¬ 
portant mccliaiibTn liiao current action in the tcunsportatiiin: and sorting of 
most ciiTboiiate sediments, 

Tire sizes of ^uirticlcs in many coarae carbonate sediments probably are 
more neatly an liidcx to the niaxiiuum power of turbutence Ilian tr> the 
potency of cinrcnU. hi iliese sediiiiEitti tlic larger particles may lia^-c re- 
niaitied tclativels nndivturbed whereas the smaller ones were wimiowed out 
and moved away. Tliis may explain, for example, the jortiiig in some 
erinoidal bmestones. Transpcutation of coar^ caibunatc irtateriil is evi¬ 
dent onlv m tliosc beds that coutaiu abundant hroten and abraded shells or 
show cioss-bcdding or OtliCr ty-pes of bar nr nirrent structures. Even in these 
tbecoaser particlES niav have hceii moved onlv vcrvsJiott distances. 
Exceptions to the foregoing principles me furnished by coarse material 
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tbit has been tmnspofted frozen in Boating ice, eatimgkd in the roots of 
Boating vegelatiQn+ of carried in the stomachs of large animais. Erratic peb¬ 
bles or even stn^H lx>iildeTs whose presence in fin engrained sediincrits cannot 
be explained by any ordinary means of transport a tin m are rare but ihey have 
been found in rocks of many ageSn Pet:idiar foimatioiis like tJie Levis Cdri- 
glomcTwte (Oid/i of Quebec and the lohits V'alley Sliale (CaTb.) of Okla^ 
hama also present tbe anomalous aif^odation of large bhieks of foreign rock 
enclosed in fine sediment. They have been interpreted as tectonic breccias 
rein ted to ovcrtliRist taJiis accunmlations beneath submatitie feuLt 

scarps, aud turbidity current dqiosib. 

Size Disiribufion 

Almost all sedunenh consist of mixtures of partides of different size^. 
Tlicsc mixtures may liavt a wide range between maxmitini and minimiun 
sizes or thej' may be reLitivdy homogeneous. SeJiuicntary' petrolngiEts have 
devised means of analysing sedimentary mixtures and measuring certain 
parameters that best express their characters. These are (1} the average; 
mean, or mediaii size, (Z) the umgen distributiotiT dispersioju or spread of 
sizes^ f 5^ Llicikewness t>T itymimetry of size vatiationp and f4} tjie kartosts 
nr coiiceutratioii of sediment within a certain size fraction. Fot purposes of 
comparison tlieAe pammetm can be expressed numcriraUy; and sediment? 
can be graphed by histograms and various types of size frequeuiv enrves 
like tliose in higunt 2^, 



Figure 23. Kiifqgrani, fre^u^n-cy a^d Cumutativc aim» ihdwmg iht ibze 

dliOlbliTbn qF portktfli Jn a 4iy}30lhelii;ctl i«dFif!iflfii iivpfjnited Uni^ eight arbitrary eiea 
O^ifribuThoni mony kind( jnvahmg meamremBnir or coujiti tan b« grophed 
in thei4 woyi, 

Size studies of sedimentary mixtures have been made for purposes that are 
both descriptive and interpretative- Descriptive studies have been motivuted 
by desires (J} to devise improved systems of dassification and nmiiEncla- 
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tme and f2) to discover diaiacten useful in corrclalion. Inteipiieiativc 
studies have sought til to invcatigalc the dynaTnic$ of scdimsiLny trans- 
puitatini] and deposition, (dl to deteuiiiDe sedimentary genesis, and (5) to 
anahvj: the iufliKncc Of mixtures on porosity and penneability. Although 
much has been learnai about these matters, the pmctical tesuib; of such 
studies have been somcrwliat disappointing. 

Ibe siJMS of particles present in any sedimentars' mixture are dependent 
upon a snrifty of factors as folloss's: 

1. Nature of sonrre rock. Rjotks differ greatly in their response to the dc 
structive action of watthenng and emsioD. Some, like marry igneous rucks, 
limestone, aud quartzite, tend to break into blckcty f ragmen ts. Otheis. like 
many sandstones and shales, arc readily reduced to mneli smaller iiarticles. 
Also depending upon llie degree of B'cathcring, igneous rocks may yield 
eitliet blocky fragments or resistant crystal grains and clayey altera lion 
ptodiids, 

2. Original sixes of avaikhle particles. Regard!es* of the Lind of source 
rock, none can furnish particles to sediments larger than those which Inive 
hc-cn made available to transportation by weathering and erosbii. Thus a 
friable sandstone or a soft shale is very rmlikely to contribute to the faima- 
tion of a Cfiiiglomerato even though physk^iil conditions and processes are 
favriniblc for the transportation and accuniulation of pebbles. 

5. Kind of ttanspnrtnig ujediran. Tire transporting eJTiciency of glacial 
ice, wafer, and wind decreases in this order. Glaciers can movie enuiuons 
blocks of rock. Water cannot transport large faoulderx except under samu 
what unosual conditious that are lildy to be (anporaiy and to prevail for 
only short distances. Wind action untler dl ordinary conditions does not ef¬ 
fect lire movement of iurtides coarser ihiui sand si/e, 

-1. Wear and solution dunng transportation. All transported materinl is 
jiibicct to wear, and, if the medntm is water, soliitnm may be important 
Both wear and sohition reduce particle size, and the bother scdnuciit is 
transpoited the smaller its prtidcs become. DitFcrcnt rocb and different 
minerals are variously susceptible to wear and solution. Die softer and more 
soluble particles, of course, suffer most and the harder and more insoluble 
ones arc least nffected. Also the larger particles are mme rhtmgly ahtaded 
during trailsportalion and are reduced in size more rapidly thun snwiTler ones, 
’llius TcductiL'm in sediment size during transportstiun is related to (1) hard¬ 
ness and tinlghiiess of llie source rock and its weathered products, (2) dis- 
tincc traveled, and (1) sizes of transported particles. 

1, Sorting- Althoogh this tcmi is used to describe the size distribution of 
parthriibtc matter witliout regard to its history, artunl sorting involves divi¬ 
sion and separation of a mixture into imlikc parts. fSortiiig of sediments is 
jij^Qjjiptjshed during transportiition bv' the diffcicnitLal movement of sedi¬ 
ment that results in the mora rapid and farther transportation of smaller, * 
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k'ss rampart and lighter particles than of the larger^ more compsjct. and 
heavier ones. Sortitig is favored hy action of the less viscoiu hanspcFrting 
media. Glacial icc aceoiaplislkcs Tittle or no sorting Leieas eolian fcdiniriit 
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Fiflure 24 Hkircgr^mi thowlmg tizs dirlrlbutiont in three 
ferenf lelndi of lodlntonh Tho iki ran^m of o fedlm«fi1i unj ihn ftEiTim 
wid symmetry of ill histogroni rv¥EaE FeoEytii that ore moro or 
lei£ choroctvrhtic ot the lorting occornphkited durinti IronEtsOrtotlon 
cod nf ihifr dtt of depoiilkonH Theie hittOgToml oie erronged Oc- 
warding lo the hum bo^ tcolt ood fhair poailloni thtffing lo tfi* 
right ihow increasing firtenett from oylwash to rivor icdimoitil. Ttio 
bfloch (ond ii bast qnd fho gtcchaf culwa ifT Tt tec it well wirted- 
tOnfo hxkm Ptfltijohn^ S«flpitflFtfary rodcLi 
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R^uT* 25 , drawn f* a singlft vcoh coinrail^ng pcmi »nin^ Jn glothal 

ail ond auvmi Mind d compnTtfd Nach and dune »nd and Hie Sj. Pefer Send- 
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is filely Eo he best sottcJ—that h, it consists of thu mast hOHiogenecrtis 
matnial (see Figuccs -ibcI 25 K In good sorting is promoted by a 

fOnibiTiatianof hirbulence and rurrmt action. 

6 . Depositioiml eriviroiinieiil. Deposition bi the final stage af iiie sorting 
process at v^ hkh a cciar^cr, mare eoinpacU and heavier fraction of the uiovtog 
sediment comes to final rest. Except for the fraclion that fndtidcs the finefft 
of all sedinuent a dqxisit consists of abandon&l materiEl that the tran^ipott- 
rng medium was unabk to move farther. Dq^osifion commonly follow's after 
the introduction of 3 sediment into a new' environ metir of leis transporta- 
tjorutl dfickney. a.*? in tlic delivcrj' of ice4>ome matCiial to out^vasli strcainSp 
of Rtrvial mateiial to the quieter w-alc^i: of lalte or sea, or where shallow w-jter 
sediment is wadied upon a beach by waves and built mbi dunes by windp 
In each of these examples sediment comes imder the influence of a more 
effective sorting medium or more efJtrctivc sorting action, and ^ more per^ 
fcctiv sorted deposit is the lesutt. Reveisal Is not possible unless sediments of 
different types iue mised. 

[lie foregoing fadots are so variable and tbiir ititcrtelutious are so com¬ 
plex that the inleipretation of si^e dutribution in many sediuieiits is subject 
to much and serious imccrtaintj . Many sediinentiiTy deposih consist of 
mixed material derived from vtur Jiffertiit rocks otcuTTm| in different 
areas, and thcsodmientar)' histones of these parts mav’ be quite unlike. Some 
such mixtures show biuiodality [sec Figure 24, glacial out wash, p. 88) or 
poJymadalih'—that is, the prepondcrcncc of material is concentrated in 
tw'o or mure noncontTguous size grades ms lead of one. Bimodality also may 
result from tlic peadiarity of sediment transport in streams wheie a coarse 
fraction h moved by rolling along the bottom whetcas a finer ^sme traveh in 
suspension* 

SJiape 

Sedlmentan^ pctrulogists have developed hvo concepts regarding shapes of 
particles; fl ) spbcricitvOr approach to spherical form and f2) miindrimor 
the tmnrttbing of edges ^nd comers from angular fragments, Roundness is 
increased by wear. In particles of equal and Jiatdtiess, it i!i an ludes to 
distance travded if it is enbrol? the tesolt of stream actinn- Simikr or greater 
roimdness, howcvFr, may result from prolonged agitation nn a beach w'ltli 
Httic or no btcial transportatinn. Sphericity is increased by nonndiTig but 
it IS dependent to a large estent cm the original shapes of sedimentary parti¬ 
cles and tlidr clcavages- 

Roundness is mcjst rapidly attained by particles of laigcr sizes and less 
tesirtant materialaH limestone pebbles became wdT roimtlcd in the course of 
only a few nul«* travel whereas harder rock like qtiiirtzite is rounded mudr 
moie slowiy^ WcUrrotinded quartz saud generally reodrds a long geologic 
history. It has probably passed tlirough several cydcA of enmon, Lranspai'- 
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tAttoii* and deposition. The maiurity of a sediment is drfiied in ternii of its 
niunding, sotting, and fieedom from nnstable minemti and clay as shown in 
Figure Zfi. 

Spheridtr plajs an important role in deposition. Higidy spherical paxticles 
are most compact and settle most rapidly from snspoisiun. Tlius they arc 
sepaisted from platy particles like mica flakes of similar scicighl and density 
which accumulate with more compact particlta of smallet size. Highly 
spherical paitidcs also aic rolled more easily along a sedimcntaiy smface by 
water or flir currents. Approach to spherical sliape in sand grains has been 



tr^urt 16 - T^Ktunit mohuilr of o h a+taiimJ t»y the ™iini»iil ef 

cloy 4 ind porticfci, the Mrtittg erf farae orafflT, ond tbeir rounding. OifliB prtK. 
•um odvenn at diFertP' mliB. Ow Hag* of texMrol maluritif h detonnined bjf 
the degiw (a "hich ihete proeenet hay it epproffrhed iranplatim. See vhv 
Figure 13?. p. 3*1. (Modified fiijnt Fqlk !PS1. J. Sedimanl. Pviraf.. toL Jl. 
p. 128 , fig. l-> 
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considered au indication ol wear during colUn transportation because of 
the common conc(mtTation of sutli ssuid in duties. This conccntiatiotif liow- 
ever- may be partly au effect of sorting resulting from the rolling tratispor- 
tat ion of mod t d unc sand, 

Cniins of many sandstones have been enlarged by mineral maHcr derivei3 
from solutiCFn atid deposited tn optical continuily myth them. TJicy com* 
moiily sbou' rccoustitnlcd crystal fcices and such sandstones sparkle in the 
ninliglit. Secondarily cnlaiged sand grains arc angular regardless of the 
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$lLjpe$ theiT tmdeL Ercsmi^ istid hniusprirtation of sttch sand may again 
produce roiunJcd grams, but tbc ecuCTally trm be recognized 

f Figure lllA, p 294). Ciaius of kmd arc u sure indicatiiOn a pre- 
vinusi stdinienfan^ stage in the history' of dt sand. 

Some pebbles aiui larger rock fragments possess more m less characteristic 
shapes that serve to identify tlieiii as having inliabited particulat environ¬ 
ments. XotcwEjTthy arc the flaitened and possibly striated surfaces pmdnccd 
by glaxial gritidiirg and tJie sbaipk angular fortns and pi^lklied surfaces re- 
stllthig from the sandblast action of wind in desert regiotis. DLstineiiun also 
has bccTi made Ijelween the flaUcnctl bimi of 1x3ch pebbles and the moce 
spherical isbape of stream gniveh Sh;ipcs of pebbles^ however, arc sn strongly 
influenced bv the orjgiua] shapes of rock fragments that identihcation on 
this hasissboufd be made with great caution. 

Surfaci' I'exture 

Tlie outface textures of scdirncubiTy' particles are note^vortby only insobii 
IS they differ trcnii lljosc fhatuiost cc?romOiily occur. I'lie differences may be 
in the directjcii ol eithtf greuter ronghuess^ commonly produce.^ by pite^ 
groora, and scratches, ot gnsiter smonrhtJCss. Both appear to be maiiily the 
results of processes that have actcxl upon the particles diinng transpoftatioii* 
that is, wear and solution, but tJie diffemnccs fiom ordinarv' surfaces suggest 
that they owe tlidrciisEence to some other coiitriliuton Factors. 

CromTd pebbles and boulders of glacial origin am hmiliar obfects but 
mosl glucLil crnitici do not iilioiv fliese FealiuK and they arc casilv eiiiw<l 
by siibsc^ncrit stream svear. Also grewsves can be produced by the acUou of 
ice uTia^sQciated with glatim, as in river? or upon lake ^hottbp by lectonic 
grinding, ynd possibly in orbei ways. Ncnsgbciated pebbles, how ev er, arc 
unf likely to possess flat planed snifaces 

A high degree tff polish has been imparted to the smfaces of some peb¬ 
bles. Hus ma^ liiivc resulted from soiiition m the case of :^oine lunestonc 
pebbli^, fn>m liandhiasring, <n from movement of hard rock fragments in H 
6£iely ot clayey mutm as in sonic Tcrtioiy gravds in tlic -Mississippi cm- 
baymcnl region. I'he ivocalicd g^/rf^TJ!i£h^ or gizaaTi] stones of ibe Cretaccou? 
may have acqiiireil I heir polish in tlic !Vtoiiiac]is of brgt reptiles. 

Tlie frosted surfaces of sojiic well-rounded quartz. iiaiKb, of vvbich the St, 
Peter fOrd. i b j gmid e?utiiple. have been aEtributci:! to wear during eolian 
tnospoTtatjon. Tliis interpretorion may be ccirret:f because, theorctjcalk^ 
the buffeting of sand grams propelled by wind should be more ^vere and 
efieettve m then ahsa$icjn thin Mml ot grains moved hii uniter. TIic btler 
hai'c less momentum and rlic liquid rncdium provides a cushioning effect. 
This intcTprctJtiou 1ms lieen Jeiued. Iiowcvct. and the ^iiggcrtion made that 
irosting has resulted from solution oi the licginning of secimdary eijUTge- 
meiit. 
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Packing 

Spheres of eqiwl stfe can be rt^ularly packed in %'3n«His ways so thaf the 
iiitetspherE voi^ timstitule a nraxiniuni of 4; or a miunrwni of 26 percent 
of Hjc tdbil volume. Tllis is the porasih of the aggregate- SciiimeuLi da not 
comUt of paiticles thitare splieres or of equal size vi these rektions are uot 
duplicated in nature. Sediments caimof be fcgiilarl} packed iior. as they art 
deposited uaturally, art tliey likely to aiscnic an arraiigeiuciil that cone^ 
sponds to the tiehtest ijossible packing. Reairangement may octui, kowcvti, 
and the packing may l>t iinpro^'vd and become tighter producing a more 
compact, more dense, and less pon>u.s a^rcgatc that possibly is moie co¬ 
hesive. 

Wdl-sorted, coarse; compacted sand lias a potmity of about 37 petcent. 
Witlioul cement it is an incohercut mass. Finer setWenbin particles are 
likely to be more irregular in sliiipe and less do'icly paeteiL More pore space 
is geueralh included. Clayey sill b 30 pererat or iiioie porous. Irregular 
giaitii may develop an interlocking stTucturc mi that the icdiiiieiit will bold 
ik form. Clav mjiicrals present in a sedimentary iiiistiire bind it into a more 
Qi less cohesive body. 

Tlit cemeiitHHoii of ittlmienhan partides b> niincniE mattei deposited in 
the pores Is one of the innportant pFXes^ Lmisfomiiiig loose sediment 
mto cofisolidatcd rock. Cementation may be siiglit or it may he so complete 
that no pore space tetiiains tiiifilled, Tlie coiiimon cementing niinerak m 
sandstone are quurt/. and caltite. Thc^ ttiay occot sepratel)’ or together. 
Quartz cortmionlv forms ovcrgrowtlis m tlic smid gmini rmd &cems to be 
mnre flhumiinl iii older than in younger sandstones. Quartz cement is mre 
ill santbtnne ftiat includes much clay. DoJomitc may imicut iiistead of calcitc 
or ri:|ibccr it Other ti^iiicntnig tnuierals :\rc knoi^m hut mostly they' are rare 
cTCtcpfc for liuitinite.. which app&LR to be cfjnhned to die zone of oxidation 
near the surfiicCr and sWerite, which cements contietioiis in some 'ihaltt, 

ITic grains of fr^gniLiital limEslonet are canented witli calctte Surh 
cementation is likely to be nearly eunipletcnnd most limestones ate relatively' 
nonporenis. Caldte sJiow's mudi less tmdeiicy than (]tLiitz to form m'Stul 
ovcrgrW'tJis. 

The sonrcc ssf cementing minemh is tmeertatn The silica m Kindsttme 
mav have been derived by suhitiEi]! htjin the sand giauis ut tlieir jKimts of 
Lofitact Tlii'i eonfoims to Ricctc's pniicjple that solubiliti mcicHSCS at 
points nf stress. Such dcnvatniii o( tnucii cetneiiL. Iitnvcver, has been denied 
Caknbitinns foi nineteen sandstons show that intergranular space ioduding 
that (Kciipied bv ccnicnt, averages than 2i percent. Tliis is much less 
thati ih^r probable appfomitate original parosity of the sand—17 percents 
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and suggests that closer packing has lesulted fniin solutkm. Many sanct 
stones^ hmracr^ contain more siheg cement than conic! have been provided 
by this pTtxress (sec Fignie IT). Most fiagmental limestones cotisisttng at 
fossil debris or oolites show little oi no evidence of mtergmuulai elution 
{see Fi^ne 124 , p ^ 11 J* llieii certieul and the calcite in jnaiiv sauditones 
must have had a different cnigin. There is, nevertheless* nothing to indi¬ 
cate that cementing minctals were not derivaJ from nearby sedimKits. 
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dissolved SiLfCA 
AS PERCENT OF VOLUME 


Ftgijr^ t7, Redijcrion in iriTa^aranular vofunv* roth^r than ki paroiity is o 
fpmurQ ot rampoetton of wnU^rtvd londiiwiHi. rndLH~iiDri 
From tolu^ion crl $foin confoett ond: closer crowding, nf groini. Th# 

I km ol bstwonn \hw groini poroiNy fvfthBf. THe CWy* oF ihLi 

gnafsh sJraws thp □pfSTox^moJ^ r^iolioni belween the amchml of wltco dLs5*[¥*d 
etI grain contocti ond the rejnolning inlorgfanohr YaJymn. At q value of oboul 
13 |a«TCKnf ihm dapodnon of ^1 d^ndvod dlloo in th* pam would completely 
ehralniiiJt poroitty. CompittPoly -Rtinontid sondi with pfmtvr inteigfortuFar 
volute? ptobobly conloln £ifrm»nt dv^Eved fnani an uterior lourno. Leu ihotl 
13 poreeni Intotgrotiuldt volutes in any well-sortsd landttone probably indl^ 
0Qte4 ihot port of ths iflrca disiolwd at gram ^lonteaft^ hot bwn rsteOved in 
fioluHoff from fhs drill urn. EA^ar Wsllar^ iwi/. Anr^ Af^oo, PsTmiiififi 

CmL. roL ^3, p. 2P7. 15.1 


The mterpky of phystcsl and chexnical processes inv-oived m cementation 
h no! adeqiMtely nndmtDQd. Near the sarfac^ pore wafer may evaporate 
and deposit ccmcintuig substances as in the caseliardening of otitcrops and 
the fonnatioii of bcachrock bom cgtcarcous sand in the intarticial (ice 
Figme IIZ, p, 309 ). ‘The factors involved are ( 1 ) cheimcal edinpcKition 
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and conccntrahCFn of solutions, (2) temperature, (3) pressure, and (4) pH 
values. In the long geologic history of a bimed sediment these may have 
altcicd repeatedly «ith respect to one another and resulted in changes and 
even level sal of cementing acKon. The para^ncsis of cementing tiiinctals has 
not been the same in aU. sediments and various types of rephteement are 
known to have occurred. 


Compaction 

Compaction is another process that has been highly important in the 
diogeneiis of sediments. AH porous sediments are stibiect to compactian as 
they Hie bimed beneath later deposits and come to bear the iucreasing 
welglit of accumulating overbiiiden. Compaction results in dccieasuig paro<t> 
ity and reduced volume or thickness of strata. 

Tlic tdalions of solid matter and pore space in sedinients and rocks 
commonly are eipressed in percent porosity. Tn stratigraphy, however, 
volume or more specifically thickness relations are more important. Ttiese are 
two different fimctioni of the same factors and thej' are related as follows: 

v^ms of yoids 
porostty volume 


Conversion of porositj' to volume and vice versa for material of any 
original porosity can be computed according to the following fonnulas; 


V == 


l-P. 


K=l 


V 


in which V is volume, P, Is original pomsity, and P„ is parosily after coinpac- 
tion, 

“The relations of porosity and volume or thickness in two compacting 
sctlimenbi originally basing 80 and 50 percent porosity respectively arc 
diown in Tables 6 and 7. 


Tafle RanMiry-VoItimc RfLadmn ra OriginaUv 
SO HoTcof Stdli»cnt 
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TrtLfcUi T. Pomaitv-VoliJinc RrlAtuanA in Oriipii^v 
5D PoTccDt Paimii 
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All sedimentary' particles in m aqu^iiis envimnnient adsorb films of water 
at ihtdf As pattide sbte decreases, surface ate^ iutreascs pioportiurt- 

ally and. thtrcftiTCV fht amount of absorbed sfntcr also increases. Adsorhe^l 
watei fiiuis ?icrvt: to separate aTid bold apart the sedimentary piijcles. Cnnsc- 
qticptJv finCT-^irscd sediments art. deposited with pt^ter original porosity 
iIliii ure CfXirset ones fsce FigiTrc 2H ]. Most shales probably accumulated as 
mud 'A ith original poroiit)* of 6Ct tu f?0 pen-ent. 

Tlic compaiTribility oF any sediment depends upon iU porosity. A layer of 
90 percent porf^us mnd can be compressed to oisc-tenth of ils oiigiTial thick¬ 
ness. In eontmsL a tuyer of IT percent p^'jrous sand caniiot he crrmpiacted to 
much less than tw^o-tlnrds of its wiginai thicknm. 

The natural eomiKictiDii of etiycy sediments appears to be disHsfblc into 
iDur successive stages. In the first. ndsorb<^ wntet Eh ns arc squeezed out 
from lierivocn the particles irntll these come into contact with each other. 
Tins pcnm ut a porositii of about 4=^ pcncenb at whicli p>int most of the 
plasticity of the ^edimtnf is lost. In the second stage, partkJes move :tgainst 
each other to effect more perfect picking, and pirosit} b ttduced to abont 
percent. This is the point at which mnd l^egins to bt transformed Ui shale. 
In an firiginnlly SO percent porous mud, rhiclcness has bem reduced to lens 
than one4hirch Next, the soft clay minerals are squeezed into mtcriticcs 
between the gnims of more teaistant mmcmls until llic latter ccFmc into 
eonhict witli each other. Studies of cores from welh show that dining tbiii 
ytage the porosih' deilc demases more or less rcguLirly witli depth, fn 
rmay ntdinari aIih-^Iu, Compactimi by this process seenis to be completed 
whtii purmity is tediEccd to ahnnt lU percent. Lait^ the mirrc rcsktant min- 
erjl grains are defcimicdm liiuken iiiitil all porosity h diminstxsd 
Sjiuhtone^ are not cdttipacled in a similar manner. Thev do nut pass 
tlimugh the first thtce stageSn m wliich much w^ater is squeezed out and the 
inmcrol giains arc ralemicclv rearmiigetl, Tf pressure were applied rapidly 
and increased grtatly. t!ie compressive strength of sajid would ^ri be ex¬ 
ceeded ami result in crushjjig of the grams. Mucli of the compciclioii in 
relatively pute sandstones, hmeveT, appear? to have been accomplished 
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(lowly by wluticm a I tbe contacts between grains, wliich produces tighter 
pacbbig. This pnkett occaiTi in respfm^e to pressure, but the arantrat trf solu¬ 
tion accomplished pTobahly ts related ninre closely to clicmieal conditions 
and time tlmn to the rntensity of piesme. Redeposition of silica, as inter- 
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POROSiTY, perce:nt 


Flguffl 29. Graph showing rftSpTkiini betwOTi the meiflon grain 
lixe and poraiity Tn r«C«iiri/ depeifted The curv* raccsnji. 

Traik'a PKp«dma'n.lnl rssulN of 1932. Tha dota rcpriuenf DduEjl 
macMUr^aiirnii of $an Dtago iodTinpntt, In sandy inatBrJal pojoifty 
□Yorage? abdul 47 pcrcaiir dtid vou'ioiion in makes v«iy 
dif7«r«fice In poTOfSty^ In tsdlmdrili Mow fint »nd tl» iOM min.) 
the porqiily irrcrNi?l^ rapid j|r. ThH tOUlJPi th« groDlly 

craoiiid lurfdiia OW oF the lad nnanlary pdrflcloi ond the in^re^is- 
jng yoluiitetrk Infdprfpnca af ddsorbed walUt Sw olio Ftgi/ne 

TJ2, p. 297, lAfl*r Wemillon ami Manarrl, M.uiK Am, Auo^. 

PahidJ«ijm ¥oti 40^ p. 757, f>g. Ij 


granular cenicnt, fucicLsc? the strength of ^andstoae and prevctits tTushing 
where it mj^ht othemise occur^ 

Little k Icrioxv'ti iibotit ilic compaction of limestone. The ready .wdtihilit)' ul 
calcium carhonate suggests that limcttcjnc tnight react lilce sanebtout but 
tiioix! rapidly. Studies of many 1 linesi^cal that tljcm 

show evidence of much intcr^Jndar aolnticn j^nd tighten packings or of 























9S STR.\TlGR.\?mC FR[NCIPLF*S AND PRACTICE 


crushing. Limestones of low parosity gmcrany seem to owe their consolidi- 
tion to cOTicntation by raJciiuD carbomte introduced fipm some external 
source, 

DifFcTO^tul compaclnoii of sediments ain produce structures that are 
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unrdated \o any ciustal deibniiation 
(see Figure 29), Some anticlines and 
domcSi important as oil producers, ha%'e 
been formed by this process above 
reefs and buried hills, Compattion also 
15 of mucli intorfst m stmhgr^'ipby be¬ 
cause its proper cviilLiaticin may in- 
Hiience iiiteipietations regarding the 
development and liistorrcs of deposi- 
tianal basins, tlie sliuctmcs <if sand 
bodies (see Figure 110, p. 29i)^ ajid 
other sc^lirnentar)' relyl-inns. 

Porosify and Pcmi^aiifjfy 
Pomsity is a fnmiantental property^ 
of sedimenU and s-edimentan rocLs. 
To vcime degtet it is an miki to cer¬ 
tain fvTtts that have affected them- 


FtQute 29. Diu^inanii flli^rathfbgj ihe 
rieYciapntcnT Ilf uimpixcfk>n tlfucturs 
■Dv^ a burindi hill The hanzcKitDl ifroto 
fhowc^ abavD Hi* uiicofrlormlfy in ^ 
hov* bs^ CQmpqcFcd hf or 

reduced fa twn-Hiirdi of Hteir ofi^kial 
ih^neu ift 8. In nami^r tMvutt, ihii 
would tw a conllnu^eui proceu piograxsH 
ing gmdilially na wdimHlU CKCumu- 
leled. ThiBTEftirfl comfiaCliiDfi ftfgttijirBi 

mo^ be ta die upwcid 

jfl iHe i.trafJgrapbk: icdran. 


Porosity aUo determines Ibe atnntjnt 
of ffiud lliat strata can contain and is 
of great economic tmjxirtance jsartic- 
ukily in lelatiori to water suppiv and 
oil pioduction. 

Permeability is a kindr^ but differ¬ 
ent property that detcrinmes the abil¬ 
ity of any porous body tu pennit fluid 
to pass throTigh it. 11m ahilitv h re¬ 
lated to the mtcrcnrriniiinicahoii ynd 


contiuuih' of pore space and tfie size of 
pores. Depending on the pattern of porosity, equally porous subalances can 
differ gready in permeability- In general pcTmeabilih^ dcoeases aipore^ipace 
trceonies finer^ and if the pcires are very small tbc decline in permeflUnity U 
relatively miirh mure rapid. Pemieabnity imporbini cconmnicully in ttin- 
iiection with tlic eshactioii of fluids from pom\i5 vtrata. Also it may }>c n lig- 
nificant geologic factor because tompactiun of siodirncuts ncte^'tates tlic ex¬ 
pulsion hnni tliem of great quantities of wntcr^ and the casewitli w hidi this 
can fje accomphshed is governed by permabiJity. 

Tf itediments were hcunogencona, continuous deposition and cotnpnction 
might be looked upon aa fumisbing tbc essentials fur j system in whicli 
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sediment settles steadily thiough u stagimi* bye?. An equally ^^lid 

ctJTiccp: is fhatj under these cncrfmstsnccSjf displaced hy ccunpactioa 
rises through the column of accumnktipig sediment., ^^^l^chE;vcT vic^Twint 
mav be taken, iheshorlest and easiest avenue of escape is upisurd. In nature, 
bowcsrei, sediment is iiol homogeiieDiis and some litjcis arc certain to be 
miJTt permeable than otlim. Under these elTeimistatices^ lateral mo^’enient 
of water will ocan. In i natuiai stratigraphic sequence some byen, such as 
shalesp will yield nnich on compacticm but because they are relobvely 
inipetviDaSp thej will drain into both overlying and underljTngmore pertnea- 
ble strata such as sandstones, in this w’ay foreign solutions art introduced 
into coarser strata, through whkh the)- move, and the rt^sultant chemieal 
changes may JeLemimc the nature and sequence of cemeut deposition or 
other modifications. 

Organic T 

The textures of many iiiiiEtoncs and some dolomites and vhales are deter¬ 
mined or sttongly iutliicnced by the fossil material (hey coiitaiu. Insofar as 
this consists of very smnll iossiis or fossil fragniciits that hitve been frans^ 
ported, the testures arc ccFOiparable to those occniriog in delriini sediments, 
niey are likely to be sommliat coarser under identiad current or w'ave cou- 
diltons. howevefp because uiauy fossjls or friagments are porous or hollmv and, 
dreiefore. lower iadctisily than inorganic mincml grains, larger fossiU are 
much mOTt easily moved tliari pebbles of cmuparablc si/e for this s^me rea¬ 
son or because, like maiiy shdls, ibey are concaviH;on™ or relatively thin 
and flat and thus deviate greatly from the compact ftinn of pebbles and mosf 
smaller rock and Tniuera] fragments. Fossib fovc not necessarily been mmed, 
however. Some coaese-grtiined limestones lack fine material because this has 
been svjfc^t away by currents that were not competent to move the larger 
const! lueiib. 

Tlie tcatnres of many limes tunes sire obscured by the prcscmce of calcatc^ 
ons cenieu* thal has diminated much of Uie porosity of Ihc oiiginjil sedi¬ 
ment Rock of this type breaks across the grains and cemEut alike and 
little more than calcite cleavage faces. Its lecture geueialjy cantint be deter¬ 
mined without fhe preparatioii of thin sections and microscopie study. Con- 
ajcfcrable portions of ?ome hmatones coiisbt of hir^ masses built hy colc^ 
nial organisms such as cotaJs. stmmatcTpornidSf and bryozoans. Their testures 
dqx^nd upon the sue and distnbution and the intirmaj organic structure of 
these masses. Similarly some calcareous algae contributed rmportaully to 
limes tune. Tlicir detailed structures generally arc not well preserved, buL 
m some Precanihriati beds, tbeir presence may be indicated by various hpcs 
of peculiar fine coiicenlric layering. Other algae produced nodtilar 
mi^y of small size that are now bomid together in a calcareous irratrix of 
diQerent appearance. Limestones of this tspe, prticiibily afto- wsathorin^ 


ICG 


STR.\rrGR.\PHIC PRINCIPLES AND PR.\CnCE 


may Tremble conglOTierates. All cf thest tcxtiircs and stnu^tiirts ait likely to 
be more ut les^ destimr^ed by recTystalliKition. 'Phis is espcxiully tiTic of dolo¬ 
mite, which ntay retniii few of the ongmal features of the sedimeut. Some 
dolomites, Ijowe^'et. acquire a porous lexture resultmg from the selective solu¬ 
tion of cdcateoiii fossih m a dolomitit mattoL 

Many fine-grained modern sedimenh cun tain innmtierablc Hnv pellet':^ 
tliat have been identified as the faeces of various invertebrates. They coitsist 
of sedimentary materlal bound with iiiuraus and exhibit tnany diffEient 
forms altliDugh oval ones are most common. CtnemJly the>' aie iit> larger 
than oolites and iqiestcdly have been nnstaken for them. Similar i^ellcts 
have been found in hmevtones. nic\ have been reported riiost tcim manly 
from beds of cxj\y PHlcy^aic age but tliiv may nicun tio more tfa^n tlot these 
strata liave been exatnmed more carefiiUy tiran otbcfs. Paccal ptilch also may 
occur ill shutc ulfhougb fcTs Imvc f>cen described. Perhaps mnrpactitiii in 
muddy sediTnenf results in tlidr ecueral dcslruetion. rhere is some evidetjcc 
tluit pellets of tbir bind bar e been altered prefeicntiallT to glaucmute or ic 
placed by phusph ate (^r mm mi I fide under post-depositional eoiiditKnis. 

The occiimrncc of fossils in ishalc has bw)Eli interfered with and ccmtnb- 
uted to the development of kminatioD. Calraneous shells or fragments in- 
tcrmpl the confEnmty nt fine grained sediment. If fossils are abundant aud 
liave been flattcfied by coinpuctinn, they lie parallel wilJi the fiedding aud 
mav provide rough parting surfaces. Otlierv^-iM; the bedding and prfing of 
dialt is bkdy to be pHU>rIy developed and such strata are toLLumlly inhorao- 
gmeous. Most notably cakaruous shales ate not well bedded In some highly 
carbonaceous shales, mobt calcareous fossils have been destroyed and fc- 
fiKived by solution. Impressions of them mav remain, however, hIohe; wLikli 
parting readik occurs. Also c4irbfjnaceou5 plant remains provide surfaces 
where adjacent shale layers are weath adherent and splitting is liktiv to fol¬ 
low them 


STRUCTURES 

'ITie more or less minor stmetnres whielj chajiictcri'^e various sedimcjitii 
and sedimentary^ rocks may be divided into three groiTps: 11 I bedding sLruc- 
tiiTCS that arc krgciy ol ph^’sical origin and owe thdr existence maiiiiv to 
processes operating duiirig or shortly after sedimeiikry depodtioii* { 1 } noti- 
butlding rtnictnrr^s involving clicmital depositioii^ fcari^ingenieuh pxt fiolu- 
tioTi that mii^tly fjoerrned after sedimentary deposltiori^ and i stmeturcs 
thal ate rdated in Ihc activities or the iciiiaLns ul utgunimis. Mnstlv fhese 
sttiiilnres ate larger-italc featiTTvs than the textures prerioiiilv discussed. 
Tlicy ate very cointnOTily mentioned in stmtigrapliic desenptions but llicir 
thorough mvestigatioEi generally requires laboratory studv. 


TFKTXTRES, STFRUCTUHrLS, AND COLORS 


lOl 


Physical Structures 
Bcdtfj'ng 

Bedding is s type of structure chanicteristic of most sediments and sedi- 
mciItaly rocks. It is produced by 'I'anations of matenaJ at by urienLitloii of 
paitidcs at or along planes disposed appirndmatcty parallel to the sttrface of 
dqiosiiion. Beddinguiuybc apparmt in discontinuity of imiteiial, dian^e Ui 
grain siKC, difference in n>lor« and tendency to wcatUcr differentjuUy or split 
more easily ahmg these planes. Bedding may result from iiscijiiaJihcs or ini’ 
tenupiions of setliirientani' depcjsitiori, from eompaction and lithifiration, 
or possibly from later akciahon o( sediments. Most properly llic term bed¬ 
ding ii applied to the original structures of deposition, lutt later alteration 
mar rcstilf in the dcs'clopment of planar stractnres, inettiding Essility, which 
closely siimdate original bedding. Some of these may he ids ted to bedding 
ebaractm too subtle to attract notice under ordinary condition!. Tlic actual 
origin of some bedding stmctnrcs may be very' difficnlt to determine. 

Bedding mav be closely orssidcly spaced, distinct or obscure, evenly parab 
Iff or angularly disposed, smooth or iiiegular, Individual strata set off by bed¬ 
ding planes may be iiniforndy thick and contmiioiis for long distincts oi 
lenticular and unequal in tliiekncss, horizon tat or strongly incJiiied. Tlicy 
may be truncated in various ways t?y minor or niajof erosion surfaces. 

^'venil attempts have been made to systeimlizc atjd closely define terms 
nsed to dcscrit'e bedding. This is difficult liecausc of the atienie variability 
of bedding and the odstence of all intcmicdiijte types. N'o lyslettt bus gained 
much following. Most tcim-vare usd qtialitaLively and distinctions generally 
arc vague and relatis'c. A single stmtification unit that is not divLible on the 
basis of subordinalc bed thug planes is known as a strEitijrii, bed, lamination, 
orftimirifl. It seeius useful to recognize sfrafutn as 3 general term. The words 
bed and lumriuitrciii commonly cartv tliickness eoimotnfiuiis. tJic latter being 
used for layers Ixlnw some arbitrary thickriras of perhaps about half an iucli. 
Bed. howevn, alio suggests tnore perfect parting along bedding planes and 
in this sense a Tied miglit consist of laminations. 

Soiue seclimetitaty dcpoiiisaTC non-liedded, stich as gUeial Hi! and loess, 
and seme may have bad their original beddmg dcstiriycd. as hjivx (lit iinder- 
clavs of coals. Ijicfc of bedding produces $o<alled mrUKrye .wdiment.s or rocks 
that appear to be nearly honiogenecms througbout. Tlic terms nwssivefy 
bedded and tfifick bedded arc practically syiiDnytnous and desenbe stratiGca- 
tioij units perhaps three tu Four or mote feet thick. bedding implies 

leads pasting of well ■consolidated sandstone or limes tone in fairly even-sur¬ 
faced layers 3 few inches thick. Ffssd/ty ckifactierizes slialc< tirat split cv'euly 
into thin layers ofunifonn thickness in coutiast to hackly tljips and irregular 
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flagmentii. Upon weathering, InkuL homggmeons-appeoring^ 

carbonaceous shales split into thin^ somewhat elastic laminae a skteenlli of 
an iiidi or so in diicbtess. lliey Imve been termed piiptf 
Bedding is mCist compicuous m sands loncs stnd thntsioaes whose rimta 
are sepamted by partings or beds of shale. As detrital rocks bemme £ner 
gtain^p thdi bedding is likely to become thinna, pmbibly because of 
slower depositiou, and less distinct because it b not evidenced by marked 
variations in grain sue (see Figme JO)* lucrease in the argiibccoiis content 


ARGILLACEOUS 



Flguftt 30. Triongufof dTOgram iFtawtng Hhe 
Aifim gvFFBicft fakTpwti b«tw«n compoiriion cinfl tliHiknw 
ttf bedd^nsf hn cDp^ridcil«d lodrmanti. Ob^Hom bedding 
cflmmttnly Ji produeni by tbft occurrenc* ol more or bitt 
ihaly partingL In homAgvnefHii svdrrnAnli w1:l!houl iUCfi 
porfingi tb«f« b« tirtlE bedding mgardlsi; 

cl rtw tompDiitidn, iWadfRed bum Ailing^ 1545^ Bu/L 
Sac. Am*r^ voL 56> p. 751i fig. 40J 

of Umestoiies has somewhat similar rerolfe. Shales generally ace the thinnest 
bedded of all rocks^ indicating probable slow deposition m quiet cnviion- 
nieuts. Ilieir strachire, however^ may be related in part to compaction and 
the tesuitmg horizontal orientation of die tiny Oakes of their day minerals, 
^rhis process appears to require miTch time for its completlnii; tt may aUo in- 
vulve mineialugk: changes and reorgan bation. Most Paleozoic shales arc well 
kmimitcd whereas many younger one^ are not. Tertinr)* aigilbreoiis beds 
may be tnasrivc and almost struchutless. The differences pmbably are 
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latcd to the alteration of origitml clay minEniIs h> mica-iite i7/ile. which 
gieatly piedomiiiatcs in the Paleo/oic rocb* 

SevcraJ other types of structure ma)' bemiataken for 1>etMiiig. Such pseudo 
bedding eencially occurs in massive lioiiiogencous sedirneniaty rocks that 
lack obvious evidence of true bedding. For example, parallel shear plants ile- 
\ieIoped in quartzitre sautbtone or dense limestone in disturbed areas of 
faulting or strong folding nuiy be very deceptive, Othen are associated 
mostly with weathering and are confined to the lutface or near-suThice zone. 
They include close jointing and spfllling parallel to an cutciup surface, best 
developed ill porous, finely fragmental hmestone and produced perhaps by 
tlic freezing and expansion of pore uatcu the firm cementation of friable 
sandstone in layers also paralld to an outcrop surface, probably resulting 
fnrm evaporation of pore water drawTi to the tuiface by capillaiy action; and 
color bs)oiling of the diffusion or Liesegang type that seems lo liave been pro- 
diiccd by oKidation wotklug inwani from outoops, bedding planes, and 
joint surfaces. 

Crosa-Beddiiig 

Ctoss-bedding is true bedding that res tilted ftoiii nitemiptcd or i-a liable 
sedioieritaTy deppsitiou on inclined finfaces. Tt is uiifoituiiate that the term 
foist bedding has been employed for this slmcturc. 

Sedimentnty suriaces very rarely arc esaclly hoiizoiital. In stune situations 
appreciable slopes occur, as on the Ranks of buried bills and reefs, but gen* 
craJly slopes arc so gentle as to be ioconscquenliaL Also cmstal movements 
after the deposition of sediment, mcluding uplift, subsidence, and various 
types of tilting and warpine;, have altercrJ the attitude of strata so that the 
exact original indinatioiis cannot be cleteimmcd. Rapidly changing local 
conditions, such as those that art coitirnonly associated with current transpor¬ 
tation and deposition, however, ate likely to result in the development of 
irreguliir bedding and dipping strata that vary considerably both iu steepness 
and in direetkm of inclijiation within small aieas. If alternate deposition and 
erosion occurs, minor unconformities are developed that transect the bed' 
ding in a discordant manner and furnish planes of reference by whidi the 
approximate origmal inclination of the bedding may be fudged. 

Cross-bedding is well developed only in the coancr sediments coiisistiug 
of particles that were rolled along the bottom by current actiun. It is a com¬ 
mon jtTucturo in sandstoncj, particakily those of fluvial origin. Sandstones 
deposited in standing water are much more likely to be regularly bedded. 
Cross-bedding is fur less cummon m limestones but it is developed Jn some 
fragmciitiil and oolitic strata. CTt5Si-bedding is very rare in shales. 

Cross-bedding cliaracteristically comsisls of sets of beds tiiaf arc similariy 
shaped and approxiuttalely parallel- Tlie sets are of limited and |encrally 
niodcrafe thickness and are separatcrl from other scU by stratigraphic planes 
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iiiOT^ jHrr^jstciU tBjii thtM between the individual crosi-bedded laycn. 
I'he sets may he of considerabic: bieml extent or th4:y m^y be exhiemdy 

local lenses or wedges Individual 
cross-beds the s-ets oidinjiidy 

are coneiavc iipwind and become thin¬ 
ner and finer grained in tberr Inwo^ 
more gently dipping portiom. Tliis 
form and the couiiiion tmocatinii of 
eroHs-l^s above by erosion pUnes 
are iecogni?:ed one of the surest 
wap to dttem^iiie top and bottom 
directions in strata that have been 
much dish Jibed and perhaps stand 
vertically or otc ovettuiiied. Observa- 
ticjds should be carefully made, liow^- 
cver^ and theefeed by utlict es ideiice 
if possible because cross-bedding le- 
latimis are not iinifomdy deai. llie 
beds of 3fJmc sets dipat a neatly ctjual 
angle hnm end to end and appear 
to be cut off ahiLiptl) below as v^ eQ as 
alxne. Also rare cross-bedding that is 
convex upward sitay be encountered. 

Bo til dcvcripLivc and supposedly 
genetic cla-ssificutioiis of cross-hed- 
ding Uuvn been presented fsee Figure 
it). The descriptive diissiBcaiion^ 
do not ^cem Id bt particularly TLScfTil 
because there ^ire no sharp tb^hnu- 
hons betiveen the ynnoiis hpesr 
rhc5C structures gcncmlly arc seen in 
cross section jud the set of Ih-cIs 
TT iuy lools quite diffcTCnl depending 
upon the aricfitatioii of tlic section. 
Genetic classifciticms arc uncertain 
h«ranve featnro?. pnidbly idenlihing 
eolian, flinial, ttintiiie, and lacushme 


SJMPLE 
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Figure 31, lype^ of crOil^becl- 

di^3 thar DTq dericnbed. AcIej- 

ally. much circisvb«ddIn 9 ii dificuif to ctocr 
arty. GftnB Fatty il ri i*«n irt crCMi letflftn- 
imd ihft wme itrwClu™ mOf pf*ianl nfl+iS- 


ht, dlHcrent d«p.^dir.s «pan ih* cTOSS-bcddni^ c|o not EippoT to ht cer- 

artBflttitlwi of ttie expaiurir. fAfrtr AflcKe* t J ^ f i a: 

W.^f. T9S3, luH. G.d. taiiilv dtsl.n^ve and differences are 

vvL&a. p. 337. fig, t-) odeqnalelv LinderstixKL riieoieti- 

calls, coliaju cros^-bedding should he 
stccpi^ tfniu aqueous CToss-bcddiiig because the angle tsf tepo^c of sand is 
groattr in air tlmn in Water isce Fjguie s2j. It is ^ctally agicctL Imwmr, 
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that distinction m Tockjt rimtle on this is iiol certaiii. Reported dips 
v[m t<p 4 I iiiuxiiiiiim of :ihnut 4? degrees but moslJy they are Ira than TO 
degrees. If sediments have been 
compacted, tu course tfic inclina¬ 
tion is reduced. Eolian emss bed 
ding is likdy io be more iTregukr 
lliaii aqueous as to shape of sets 
and dip duecHou because of the 
great ^ariabilih of wind^. Regu¬ 
lar sets with nearly parallel sur¬ 
faces and beck dapping toissbntly 
in ojie direirboii arc almost surety 
ac|Lieous. 

'riic direction of cross-bedding 
R'Cmds diiEctinn of Ibe anreni 
thjit piodiiccd ii becjust depohi 
lion occurs unly on lee slopes. FlU’ 
vial cross bedding indicates the di- 
rcctioTi of flow of stKianii hu( 
ntanv irtegiilarities may result 
ficiTii eddies and meaiidcrinf. and 
cnmplttc reversal cif dip may occur 
in tidal Lliaimek. It [s unsafe to 
pro j eft cross-beddiug directions 
fm long distances in seeking the 
source at itdinsenb because the 
cQurses of trmLsporting ^fieams may have changed direction importantl)' 
and miprcdklahlw 

Cftided Hcddrng 

Cnided bidding is a term used to describe the textural sequence in indt- 
viiUial beds uliicli grade from coarser at the bottom to Sner at the top, as 
dioiiS'n in Figure T 5 , Cradmg is fairly common in scdimeiitgrs^ rncits of ail 
ages It h recogniT'ahle tu strata wlmve particles tun^ in size from vesy course 
to very ftrje. I he thickness of gra^lcd bedn generally bears a TXmgh relation¬ 
ship td (he ctpiseness of the ledimcnt with loanc beds iikdy lie Miick 
This structure is obvious in coa«-giaiued strau hut m the veiy fijic-graiiicd 
ones it rnay be megascnpicully unrecognmble as il is Eiulicatcd by 

color differences. Gradcil Ikrtk eoinmoidy occni stmqily sel ofr tiom each 
other in txjiifiiuiuLis sequences tliat may rcnch ercat tlhcfcnesscs with scores 
orUumlrcds of repetirKuis or they inny be present as isolated units m other¬ 
wise ungraded scdlmcrit. Gmded bedding is nrclmaTily associated with detri' 
til sedirnmi Some of the beat e^mplc^ occm m mnterml deposited in geo- 



Ffgui« 33, O^ss secrian af port of □ 
inod#ri1 ia<ld dutiit di owing Jiolune af "Hia 
crsis^b4ddiri9. At placoi dips approach 

40 dagr0ai-. ^Aff6^ MtKee, Am, 

Asioc. Petr^jivvm ^ol. 41 * p. 1726v 
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^dinal enviTOnmcnb. It is cirv'doped. however, in srnne Imicslranes 
and in strata deposited in other sitiaatinns* 

Die tnost perfect graded beds nzsiiltcd from depctsititm erf suspended sedi- 
nicnl" in bfKlic$ of sUtidiiig ^’utci whtTC tJjc ciiarscst prticles settled mpidly 
and were followed by successively finer and finer maicnai DepemUon of ibis 
ty^pe indicates a tiuiet and possibly deep water cnip-iniinnciTt quite differtnt 
frnm tfiat chamctcnzed by cT 05 $ bcdcUitg, and these two types of stnactine 
rarely art associated- Succffisions of graded beds may liave re^uJled from 
(M seasonal ahematinns of condition:). (2) alteniaborts of longer periodn 
(3 J repeated storms that produced quantities of new land-derived sediment^ 
(4) storms that intinrepted continuous sed^Ilca^^ltit^n and iieriodically 



figuTB 33. Gum^-faTized dr^wktg dt Md^rnKtll 

whih pebblffi up lo Ind) in ciksrneilBt In tfw uplLfl^ 

Vanluro baim^ Colihsrnlll. The Upper PltK^nE hare mare 
than AOOO ihkk ond tl unmiBi faronsmif^fci itipt rorvl^r 
occur Di p^ionf ot depths af lint rhof) fimf. lh% v«rtlcal 
gfoding of d cDB^florBlfFatB nnd ill preiuttied dE^E^xHEon En 
UikH vrPBi how pmEntod □& e¥kdDFicfl that thEi 
h Q turbidity current ^is^QiEt. fAfief NaHand and Ku^n^rir 
T9S1, %ac. Econ. PoEboh, and Minor., 5p4C. ?Lib!, 2, p. tOO^ 
fiQ- Tfl.l 

stfrred trp unconsolidated bottom material rS) meecssive subtiiarinc bnd- 
slidcs, and ptissvbjy erther canses. Single graded beds may hikxt formed in any 
of these ways and also fniin slackening of the speed of Howing water. One 
nf the bcst-tiiown types of graded bedding is esbibited in annual glacial 
vaives. 

Graded iKds llul include pebbles and larger loci fragmenU ^em to jer 
quire a more leslrktcd explanation because inch ooarac dchritni caniint |>e 
held ittany ordinary aqueous stwpeusioftt. Many of these bed^ pinbably were 
produced hy deposititm from currents of decreasing competency'. Beds of 
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tills tind, however, cotild not lie cipeclod to follow eadi other icpeatcdl v in 
sequence, 

Tiubidity cumyils f sec Eifiire H) are fa^tiTKl as the ptobahk iigenq- it* 
sponsihle for much graded beddiog, particulailv where if ocems abundantljr 
ill thick stratigaphic iectims. Tuibtdily mncntii responsible for such de¬ 
posits arc believed to have resulted fjtnn great suborac slumps of uncon¬ 
solidated sediment set off perhaps by carthqualtCi. Sedimcnl set in roodoii 
in tbu way iimy be churned up with water to form a thick muddy fluid, much 
lieitser tban sea water, that gathers m00160111111 snd flows swrftlv dowirewrd 
aciosi tlie bottom. A fluid of this kind is capble of sweeping al^ pebbly 
and. luider some conditioii!!, larger incfc masses contained m the slumped 
sediment. Its density aids in sustaining a suspension of tiuich coauiC fuatcrial 
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Rflur* 3*. Dingran. ihowSng »h^ vrticd dUuJbulLOT of d-^Hv f«™ 
«Se=r W»..r d=w^^«i »0 ^ Lok= M^d ef ^ 

of Vfroh Zamon of tKn Colotocfn WlHeif m No^mbol, 1943. A bo^ 
lom.flo.ino turhidily C«rr«n. °nd tbitl 

»dim«nt lii luvpeniioo fo W c n*-ly lejwf obo„t on* focr 

ihidi. Th* i.ro depth U Oit orbituinf lo.ol ot m gmp-tllied diiian™ Mow 
ihs ^rfat. Of th, toM Gould. 19Sn S«. E»n. Potooo. end Minor.. 
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tliat ordinarily would settle out rapidly from any water current of compara¬ 
ble speed and liirbiilencc. Etperimeuts imlicate that gradmg results horn 
the rapid tiai^portntion of coantr imiteriiit in the lower portion ^such a cm- 
rent and the kter settling of ^cdimtnt ficmi its upper (liirt. llie picscncc 
of graded beds common in the stttin]ent.s ictovcied in sunic cores 

(sec Figure 55 } to be best acaanuted for in this way. T urbidity enr- 

tenfs also povide an cspiaiiation for the oconrEsiec of coarse material on 
the deep^ca bottom far fttiai any tond. 
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Graded bedding has beetj rnneh employed in I'hc tops 

and bottoms of stmeturally di^hubed straha pjiTticulaily 'm ilic Pruambrian,. 

Caulion mmi be OfcrtKcd, hm-e^cr, be- 
catrsc* 15 in the case nf cross-beddmg, sttuc- 
hires showing lo^crsed relations liave been 
^ ^ _ obserted. 


50 - 


25 ‘ 


0 < 


V 

75 - 



50 



25 

■ 

m 


cn 

UJ 

X 

o 


0 . 5-4 



Ripf^le Mi^ks 

RfppJc marts aie produced nn the sin- 
facc^ of incoherent sediments of sand and 
silt lizc but are ven,’ mrc on argdlaceous tnucL 
They consist of two genetal h pes; 11 j fj.nTn- 
metre'cdf or stx^afled curj^enf npplc& and (2} 
^ymijietnctd ai so-called meiihtiim ripples 
fiscc rigiiTC 56 L Wlierc most perfectly de¬ 
veloped* they consist of straiglil pctralld 
wjvdite tidgcs and hollows with wave 
kfigllis of a few indies and amplitudes of an 
inch nr less aJthough bo ill larger and stnaller 
ones also occur. With rare exceptions thei, 
oiie oriented at rig]it angled to the direction 
of the currents and parallel tu the dirccLiim 
of the wiavcs tlut fomicd than. Most cun 
rent-fomied ripples arc irttgular and arc ar- 
mnged in ioinewhaf curi'cd and anostomos- 
ing patterns. They are fairly tommon in 
sandstones of all ages but also occm in bine- 
clones:. Wave-formed ripples arc less abun- 
riani bat mme regular aud dtcy also riiarl; 
both saitdstone anti liniestoiio sinticcs of 
all ages, 

.Abnosf rtll cimcnt-furmed rippks am 
asyMiinclritial. 'Tliey develop IjcIwccti certain 
critical vdocitics df hoth water and wind 
movement b>^ the txansptstation of scdimcii^ 
tan’ {Ktiiicics with the cinrcril. Ridgo are 
hiiiit with a gentle uprctirrcot slope, a rounded crest, and a steep kt slope, 
Crams of sediment arc rolled up the gentle slope aiid across the crest and dc- 
posited oil fchc lee jtlupe of the lidgt. whtth moves dovxly forward with (lie 
current diretlioa. Ripple tiiaiks are fonricd on the Ixrtls of ilrojms and larger 
bodies of standing watei in which emreutv of .^iidiekziit ^slfcngth arc aetive. 
llie $iipc i>f tliKc fipplo^ pTohahly is determined h\ srdiiucnt siiejiud enrreni 
velocity but flier rcljibotts cf tlicse factory are tiot well understood, Curreiit 


Rgura 35 . Hiilognim'i ihawSfig 
dutrLbirriqq hi fff a 

caiB samiplB b* Mairttijv/ 

lubmotine conyon off Ifto of 
CslifO'rriiy y I d depl^ti of more iKccm 
SeOd Irtt. Progrsi&kYf- coorffttliflQ 
^4HMTiwcird and the i»ccur^nt« ot 
grerrel have b&en acc«phed Di 
vvidonce oJ lurbidlTy cafrvnt dttp- 
fldHprrH LAfitf Shnpord^ 

Soc. Ecotl. Palcyn. and MJnnp., 
^ec. Pabl. 2. p. 62. fia. 0,1 



















TEXTURES, STRUCTURES, AND COLORS log 

tipples geiietaJK are good indication of shallow water although as^imnctncsJ 
ripples of apparent current origin have been discovered on tlie sea door at 
depths of more than a Dii 1 & Eolian ripples resemble aqueous: ones except that 
amplihide as compared to wave length is mucli less, TIjct are rarelv ptesen'ed 
in consolidated rocks. Sjuimetrical ripples have been observed to form paiaL 
le] to cuTrent direction on muddy sediment in very sliallow tt'atci. 


an ■iD...ii^.... 


EOLIAN 



WATER CURRENT 
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WATER WAVE 


Flguje 26, Chii««t*|-t|jtc profJfej of llw thro* priricipa.1 
IVP^f flf rippls matk^ (Afl*r Kindle In Twenhofel, 1923, Troa- 
fptB OFi p. 642, tffl. 79,1 

Most svKDinetncal nppic marks, how'cvcr, are rclatcil to wave action and 
occur onlv m aqueous sediments. Waves arc piCHliiccd by circular motions in 
the water wIiilIi gradually pass mlo baclrwjrd'and-fiirwntd motions at ihe 
Ixittom. Tlicsc sweep sediments Erst one wuv and then the other and btuld 
up sharpcTestcd ridges separated by concave imugbs. Ripples of this type are 
statioiiarj'. 1 hdr sires probably are tdated to the sizes of siirEice waves, 
depth of Water, and ciwisenesa of sediment but the inBiiatces of these fac- 
tors arc not adce|U3tc1y nndeTstood, Minor ndges may develop iu die troughs 
between the major ones, perhaps as the result of a change in the size of 
tvaves. Svmnietricil ripples can be formed on suitable bottom sediments at 
any depth readied by appreciable wave action. They Irave been reported in 
till: fipcii sea at dcptlis of (itJO feet or more. Asymmetrical ripples arc formied 
by waves ni symmctticaJ riisples are altered to this form mnlci some circuin- 
stances that are not undmttxid. TliCic: seem to occur most commonly in 
very shallow water particularly in the zone of bieabitig waves. 

At some places gmiit npple-like stmelutes have been observed that are 
Qiuch bevnnd the vbic mn§e of ordinary ripple marksi Roth symmetrical aiicl 
asymmetrical fmtus occur but all are reported to liavc rounded crests. Some 
of them ate believed to liave been produced by swift currents that moved 
ndges of sand Others muy be submarine dunes. There explarmtiuns do not 
seem adequate tn account for thiwc that mark some bniL^hini- vnrfaces in 
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where the Inmicr occiiwence of powjcxhiE ciurents ^ippcare improb¬ 
able. 

Ri^le iniiikK are most likely to be found od the nii^ces of ihiu becIdaJ 
Of flagg y' strata or on some of Ibe inare gently iiidined h^pes of exosj-beds. 
Diey were cotriincmly pTescrvctl b>' the depfisition of afgilbioecujs sediment 
m thin films ,iion| which paitingof the tock byers occurs or fay thicker layers 
of mud now forming beds of shale. Symmetrical ripples gre useful m deter- 
mmmg the orientations of steeply dipping or overturned strata because they 
and tlieir counCerprt impressions are quite unlike. Asymmetrical nppks aic 
not^imftarly iiseM because tliey and tlieii impiea^ous arc so nmxly identical 
in form that distinctitaii lictwecn tUeni may not be powiblc. 

Mud Crdcks 

All colloida] sediments shrink on drying because removal of wnfes causes 
their particles to be drawn closer together. Mud cracks developed hy this 
process ore common in the argillaceous sedimeiits on modem mttd dats, ;md 
identical structures are preserved m some consolidalcd racks, The cracks gen¬ 
erally arc w idcit ui the top and narrow dowtiw^fd until Ihe>’ disappear. Their 
width and depth and the shcc of the hreguLii polygonal bUida or colunim 
which they seprate dq^cud upon (]) Ujc origiiml porosity or walei mntoit 
of the mud, 1 1) the amount and kind of clay minenib present, (5 j the thicb- 
ness and homogeneity of the mud^ 14 ] the degree cpf dcskciition, and pos¬ 
sibly other factors such as salinity of water and lapidrty^ of dniiig. Large 
cracks and columns arc most likely tn form in thick by Co of higlily colloidal 
mud that haj^ dried tlioraiighly. 

Mud ctrteki rarely develop on tidal flat^ weept in vcir thin Liycn because 
such areas nft not erposed oonfiniiously enough to permit deep drying. 
Therefotc thc$c structmes are mOft characteristic of sediments und rocks de¬ 
posited abo'p'c tide levcL Distinct mud cracks do ocenr^ however, in rocks of 
marine ongin mcluding limestone, Thej' may record minor fluctuations of 
sea level. 

'Die stntement Im bcrai made that edges of mud-cracked eolmnns tend to 
curl upward in a h^h vr^t^r enciruument and downward if vcdtnient was de^ 
posited in salt and pgrricukrly supei-ralme water. ObsenwHons dtotv that 
this is ncif an entirely ttlbhle criterion for differeiihaticni. Curling of cither 
type very rarely is noticea bl e in mnd-cia cked mcks. 

If the dic ing mmj is iiihotnogeneons and contains thin layers of differeni: 
texture. piirtiTig is likely to occur along tliese planes. Slight rcttorldiig of 
miid-crackcd layers niav result in tlie incorporatjon of chips, pbtes, and small 
fluggy ftagments in overlying lediment to produce a pccidiir type oF con- 
glomctalc- So-called edgini'isf con^nwfatc amsists of irregnbily r| imposed 
and omtjujiank' steeply dipping snijll ibbby fiagnimts of liincstonein u. lime^ 
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stone niatrix. it occurs at many places, pari-icukrly in Cambriaii and Ordovi- 
chn sitata, atid imy luvc Inid sitcli an ongiit. 

In order ti> be prcscucd, mud exacts must be filled mth ^dimeul of a dif¬ 
ferent type before the muddy layet has the opportunity to alssmb waiter and 
swell to te former state. Generally the niaterial ctcmpyiiig ancicnt mnd 
crack? is coarser textured than the mud. It is most likely to l>e ^ndy or silty 
setlindent deposited very mpidJy by water or swept across the desiccated sur¬ 
face by tlie wind. Because mud cracks mart one side of a stratigraphic con¬ 
tact and diiuiiush hi widLli downivaid, these structures are useful in oriciit- 
ing stnictuially disEutbed strata. 

Sur/dce iMfitrJthigs 

h-taiiy different kindi of marlings occur on the surkecs of sedimentary 
rocks and are preserved as crists at the bottom of overlying strata. Some art 
of uncertain origin bat others can be identtfied as (1 1 tfic tracks and trails of 
aiihnals, (2| pits produced by rain or hail, fl] impressions of salt or ke 
crystals, fmiuoi erosion featineSp f ?) grooves made hy the dragaiug parU 
of Biiating objects, and ^o on. Sotue may liave been jmprc^cd im a morr! or 
less firm sedimenbn' bottom under uiater but odiexs rt^nirtd subaciial con¬ 
ditions. Almosl all e^eeqat the halls of niaiiiic aiiineils indicate dUier tiposed 
m very shallowly submerged surfecci. Some of tliesc markings also arc serv¬ 
iceable to determine ttic tO[j oi bottom of u bed 

Under favorable circumslsoccs, xnaTkiiigii of all these types may lie pi^- 
^cnx’d ui consolidated rocks. Three general rc^juirements seem necessary ^ 

(11 Thu scdiiiient must Tjc fmu grained and generally ^omcwlrat argillaceous 
in ardor that the form of a rnartmg may bu retained. Sand is a poor medium 
for the prcscnv-ition of surface markings sdlhough n thru lavTr of sand imder- 
liiiii by mnd mav pro^-idt suitable ermdition^p (2) Tliu sediment mmt he 
damp but gencrslty not satumted with Thm the most favorable situa¬ 
tions arc iimd Bats such as the alluvial siirfaccsi of BchkI plains and deltas, the 
beds of tpheiueraJ ponds and lakes, and Hic intcrticJal zonu adfacent to the 
seashore. { Vi llie Tnarking^ must be buried promptly because they' are vciy 
easily de^hoye^J^rescniitioi I b favored if overling sednuerrE, generally sand 
or sill, is diffoCTT* fiom the ttnderhiug l.iycr. CotidiHoni irquiitd For the for- 
rnation and pn^mation nf stiifiice imiking? mdicatc that nuBt of them re 
cord the temporary atmospheric eiposme of scdinicntaticm surfaces in depo- 
sitional areas. 

Cojiforfcd Bedding 

Irregiilaririe^ ^nd contortion mvolvtug more or tesa thin layers of icdi- 
mcnl or rmly n single pLiiie of contact he tween coirtmsting types of sed^ 
tneni have K*cn ohiCrved al many pbccs. They' havx attracted considerable 
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a Petition because ol then seem ingly aromaloiis relations to both u ndertiTug 
and ov^erlvjng imdistutbetl stmta. V’^aiitnis c^rplaiiaMous have been offered to 
□cvoimt for tlie^ struetureSp most of which can he dassiGed in cue or the 
other c»f hvo hpcs. Both are rdated to gravitationiilh mdiiced ptcssiire with 
iiiovemcfnt in cue ka^ acting pieduniinauth horimnhtlly and in the other 
II] a downward directian. 

CoTtfcples stnall- to medium scale folding that is sngg^thc of lateral com- 
pTCSSion. accompanied perhaps by the l^reaking. displacement or discon- 
tinurjus drawing out of certain beds, may mark modcfatc slumping of largely 
uncoDsolidatciJ ^iCtli^Ilellts geiieralTy in a iuhjiqiicous cnvinjumciit ^see Fig¬ 
ure 5“ '. MjEcrial so disturbed overlies un^iffcckd sctlinieiiE and iiu^y he 
buried siih^qiteiitly by otl^cf iiiidistorted strain. Shrmping tsuiy involve only 
tUm vurfiice laym or large of plastic sediment. In the latter case all 

bedding features may be dcstroyal ^nd great blocks derived from more cot>' 



Fl^gu^t: 37- SkEfeh ef liump Utiutuf* obbcrred In the Fieo- Formatton 
iPIEdJ art VtffilU-r-a Counly, Ciil1lc>niia Thri oIm cCMileiinii 

bedi Intfrrprvlttd Dl turb^Hy currani dflpc»ih. lAftvr 1957. BuH. 

G^q!. Sccr AmBf.f voi. P- 1003 ^ 


solidaled sbatj inny be moved and irreguhuJy incorporated Lu the dbturbtd 
mass. 

Slumping also may bt aecurirplishctl h\ gliding abng emtain more plastic 
layers without noleworhby distortion of underlying or ovcrJying sediments, 
these diJitoftions may be cvnifined to one ormcme zones a few indits to a 
few feet thick. 

Fuie-gEajiied sediments settling from suspension are deposited i>n both 
level and sloping bu+fani areas. Steep slopes irpon the flaub of reefe Of other 
prmniuencts provide precarious fcsting phixs for this material and unequal 
loading nr iivtrloniJiug %% ahnost certain to result cveutuaUy in ^Ikiuiping. 
Gravity-inductJ lattial movcinentsaTC not tontined to siiclt sitiialiaii!i, him*' 
ever, bnt may occur on vt^ry gently uidined uurfaces. Slumping k knuvrw to 
have taken place^ for example, at anglcii of ksi tlmn two dcgrro. 

Some highly pntous collcTidal ebj^ possess a pinpcrty termed thr.tofmpy 
or tlie ability in variGus degrees to change suddetiJy from a solid to a mote oi 
less liquid condition. Sucli eJav's by a gelling or setting process build up an 
internal structure that prur idcs tlicm wjth consUmbk sttengtii. Tliis stiuc- 
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ture* hDvm'CT, eau be destroyed alnicist instmtly by li sndden shock such as 
mi esrtliquake. ChiUngei of this kind in susctrptiblc lay era of shallowly buried 
sediuieiit probnbiy base resulted in s I amp i ng 31 many places. 

SI limping in byeted sediments cnmniiinly products contortions and mote 
or less tight folds Hiat extend Jt right angles to the direction of niovcnicnt 
and arc indiued Jow'uslope. Somewhat similar shnctirres nicSy de^^dop from 
drag induced in othei IIitts plastic distotriem herreath moving glaciertp 
hsrbidity cuneiitSp or stranded icebergs ni3> shovv closely comparable features, 

Loifd Cdsiaf 

Rolled and biHcnv-cd surfaces on Ihc: undet side of sdndsrcmes are known 
as load casts, lliq dei^elop at theconbict between an overRing sand or silt 
and underlying cby and show more or less coinpiicattd infolding of ibc for¬ 
mer rniltcnal in the latter (sec Figuie 58). nicy iirc pTuduced by gravita- 



fl^gre 38. Lciod ttntl dtfsloped by lh« irrvguKur wltfiog of inrid ifitfl 
unconi4lhdoted Inmmirtwd *Jll, Cre!o(wyi a( Vantyrn Coimty, California, CAhei Kuvnen^ 
Aesdc. Pelrof*Lrfn Ocot, Vi&l, 37, p, 1050. fig. 13J 


tioiial 'iCttljng slioitly after dcpositiijn. Highly porous clay is Im dense l]un 
sand orsilb i^ud slight incmialitics hi loading cause the latter irmturLnl to sink 
nnes^enJv into it% plastic imdcrbcd. At Uic same tinic* and c^mti^llmg until 
mueli later, *hc day is progrcssivdy comparted aiitl, as water is expelled* 
shrinks in Folnmc and is turthcr di.'ifOTlcd beneath the Icsj-yidding <p vtriv¬ 
ing stratum. 

Structures of tins type can be pmduced only at the contact of an upper 
denser and a low^cr generally more porous and plastic bed. Thcy^ are espo- 
ciallv likely to develop fn mpidly depiisitcd detrital sedinients- Similar stme- 
tures have becD observed between lignita; and overlyitig sands where settling 
seemJ to liave oceurmi nAik the plant Tn^deriiLl was in a peatv c^nchHoii. A 
somew hat analogous but much more vpcetacuJaj and protracted process ha$ 
beefi msponsahle for the dcvdcvpmcrit dnmes. 

Die solution of beds of gypsum or salt causes collapse ol overlying strata. 
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Brccdation may lesult hut under some circumstami^ mils, folding, and 
other stmctiuai Itregnlarities develop that resemble the ellects of sluitiping 
or loiiil settling -js just described. Much moie rarely, solution of tiiuLSioric 
maj* produce similar results in cwefljing shale, Structmes of this type art con* 
fijted to ncar-suTfacc situations. 

Uncx'Cn under surfaces of sands and siltstones hai'e been prodneed. in 
other TSTiys. Casts of some erosion surfaees leseRihle the more simple types of 
fltm' and settling structures^ but ivell-developcd ones gencrany can be jdeuti* 
£ed without much donbt, 

Boudbiage 

Boudinage structure is a consequence of tension commonly produced by 
downslopc creep in uncousoIidaLetl sediments that does not progrras to the 
s^ 4 gc of more active slumping. Some ihin layers that are more cohesive 
tlian the surrounding plastic mud may be drawn out and thinned at inter* 
vals (see Figure ?9), Stiotiger layers, particularly the more catcaieous ones. 



FigurE 39. Artiliefol boudrnfiga groduced by itw oppriMtlon tif v«rt(CQl 
prBisvrE PE foyen of tnodolJtig ctor putty ihot diFemd m ptnsticily, All of 
tfifl layers origimtily won equally thick. I After phatogrtrph by Bambcfg, 1955, 
i, CeoL voi. 63, p. 531, pi. 6 , fig. FJ 

may be brolterj into pkty fcagments that are moved apart and liavc the in* 
tervening spaces fiEetl willi overlying and (mderlying tttud as shown m Fig¬ 
ure dO. All gradations ciiist front slight movements of this kind tn others 
that have brought about the rotation and complex displacement of the 
fragments of certain laj^ers such as occurs as a result of greater slumping. 

Chemical Structures 
CoRcretmns 

The term concr^tfon ts used rather loosdy for a variety of more or l«s 
rounded bodies clridly of inorganic arigiii, occurring in all types and in ail 
ages of sedimeutaey rocks, which are different in composition and generally 
lurdcr and mote resistant to weathering than tJjcir enclosing matrix. TTiev 
are not pebbles, because they arc not fragments of other rocks and lias-e unt 
been transported, bnt are closely related in their origin to the surrounding 
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sediment. Genenliy they consist of more or less impure silica, c=ilcitc; sider- 
ite, or iron sulfiiit althongh a vAtitty' of other miiretah are rqsorted to farm 
concretions or ccmcretion-Iikc structures, ^tostly tiiese other bodies differ in 
some way frori! the oidinarv' types of concretions. 

Coiicretimis <XJOiir in differ¬ 
ent shapes ranging from aJmOSt 
perfectly spherical Unougb more 
cir less symmetrically flattened 
or elongated fotim to irregnkr 
masses ci>ukbiti[ig of rounded 
lobes armnged in almost ev<!ry 
conceivable ^ny. \foit com¬ 
monly they arc si.imewhat fJat¬ 
oned paraJld with the bedding 
aud at many places they are 
present interuiittently at definite 
horiz/ins nr In restricted ^ones. 

They amge in size frnin very 
5 uyA [l to very brge but the very 
small <mc.J generally escape no¬ 
tice and comnsent. Spherical 
concretions may be five feet or 
nioic in diainetcr and elongated 
ones niayliuvc lengths ol Liventy 
feet or mmc- Most, howcvci^ are 
measurable in itiiilies. 

ConcTttiou^ may have clearly 
defined outlines and abrupt con- 
tacts With enclosing rock or 
thciT Isociiidanes may be some- 
whnt indistinct. 'Hidr surfaces 
may be rougbciicd, pitted, or smooth. Some are slickexisided and othm are 
stirroundcd by coae-iiKonc structure. Hicy generally arc v-ery fine grained ah 
though iron sulfide cemcretious iiiay be more or less coaEsely ci)5lallme. They 
may he htmuagciicous m comp4>^itit>n. horizontafly laminated^ or concra- 
tricaJly banded. 

All concretions appear to hove gnowTi outw'fird from a center. Growth may 
have occurred on a subaqueous .surface and been followed by bmml. it may 
have taken place writhiu sediments shortly after depositjon or much iaten or 
it may have coinc alioiit withui or at the surface i>f completely consolicbted 
nock either below^ the w^ater table nr in the zone of tt'catbcring. Although 
there is general agreenieut thal concretions originated wi several varying 
ways, there ii much difference of opiiiioti as io lliei! actual rime and mode of 



40 tom l«€t^rtr actual «iz*^ 

i}iOwing matrn cokareotfs nadule^ 

Nke rnoises flncloE^d ii^ darker^ cokar^otn 
mQlriM. The fqnn and rslalJofTi of 'rh€v« 

thmt riiflV rmnpflU of ooc# ctanNnu- 
OUi ioyei^ ihpt thEnrtod and puU^ aparf hj 
grav^Falicficilly induced cfi 0*|] □ luhrnciiin^ 

flnpo bvtorw th* sad^mant wqs canfnhdoted. C{Hf1- 
parv n*al fa IhA- iaweit moH wifti Bgurd 39*. 
fialqn Fannafian 10- Dev.) AHwrtCp Cortncto. 
(Front phoTo^mph hf R. O, McC-ras&an.] 
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devdopinait. Muclj of the evidericc ptcictitcd in sniTprnrt of supposed pri- 
tmty origin on the sea floor probably is [neonscqncntial and appears to have 
been misinterpretfd (jroveTCTiiphasizcd- 

ConerrdiPTL? in D^rf7ifcJ^ Rocks 

Mo5t concretions fall into one or the other of two classes depending ttpon 
H^dr compositjan, the kind of rock in which they occur, and the of 

their farmatinn. Tlie first ebss consists of e^lcareoiis, mofe or less sirieritic 
concretions lliat are chafactetistic oi dctrital rockj. They seern tn been 
produced by tlie cmiccntiation of carbonate materiab moved in solution* 
that Itas canciitcd the scdinient mlo hard nodular masses. Ccncrijns' such 
cojitrcHons sre nit her regularly stuped and some have tioimdaTicS that ate 
mclistuiLL Concietions ki saudstone are of this accretionars^ type but are not 
common. Tlia are little more fhan masses of sand firmly ccraented by cal- 
cite in a ninre ur lest hiiibk mahbt* 

The best developed and most abTindant and varied concretions of the at- 
cretionary kind occur in shale lodging by therr TCktion^ to bedding, they 
formed oi achieved their major growth at various stages during conipactirin 
of the sediment. Some (oiginatcd very early in extremely porous liiie-grjincd 
mud- The} ueyw’ are encJtteod by much-competed laminae that bend sharplv 
and cotupletely around them. An example is shown in I'igurc 4L Such coii- 
ciction^ may contain excellently pre^ened unco nip refised foAsik whereas foa- 
stls ni the shale arc greatly flattened. At the other estrtnn: are concietimis 
pTOiCrvitig in tlieir rmler parts Mime mdicatitm of original bedding that corr- 
tinues with little change in thickjicsj from tlic siinaundme sliaie. Tlicsc 
gcnerallv occur in ven' sitty beds and arc most likdy to contain eorispicnoiis 
organiL- niieki tlut appear to linvc attracted and caused the precipitiirion of 
cementing matetiai The Pcnnsi,1vanian pbnt-beariEig concTctiim^i of Mazon 
Creek in ISlrnois arc gEXnl examples. 

CrmCTCtions in ^halc appear lo have diuwti tlidt cementing matrrinl from 
the .iurroiindfiig sediment because liome trace elements present in the shale 
arc dcplctcrl nearby and concentrated in them. Concretions with carbonate 
materul least c^intaminatcd by silt and clay were formed in rcktivcty young 
imcompiessed K'dunEmt and now show^ the most c^ideuce oi siirRiunditig 
coni paction. Some sliulc (Xmerctions contain a Iflfge proportion of sideiile. 
These are easily oxidized to Imionitc in the zone of w^eafhermg and thcTi^ may 
develop secondary thelly structures or become IioIUpw because of the volume 
slmnkagc that results. 

Septmim comretiom are siiiiilai to frlbcr shale concretions but they are 
duiiaetcrizcd by the pretence of irrcgiikr internal tension cracks that may 
or may not extend tn rhcir surfaces. The cracks seem to ba’ie developed at 
an early stage as a result of ^hc shrinking and partial dchvdratioii of material 
ill a colloidal state. 'ITic cracky commonly are filled with orarseiv crjstallinc 
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catcite. Some tif I'bciii contain other minerali including iphalEiite and galena. 

Impure calcareous cqncretion3T>' structures have been produced by the 
downward movement of ground water and the deposition of material 



Figure 41. Cakaf^Oui concr?lian embedded in dorjc^colared shole wli4i* 
loyen conform to the ‘tiapa of ihe eemcrehon. Concrerlont Q1 thii locorily con¬ 
tain boautrlirllx proier»ed fosid! fiitl iktt are rafr llttl* compteiied or diUoned. 
ObvioLHlv riiesB concrettont. devalopod rery won after dopaiilion of ihe »ed!' 
merit and before npprOcrobEe compaclion occurrEd- Ending of Itle ihnfe fayAtt 
Diound tl» concretinOi rolulled from lubtoguent compaction of the shale. Cre- 
iDceOui, Mogdaleno Valley, CoEomhin, Soitlh Antorko. (After photograph by 
Week*. 1^53. J. SodimEnl. Petrol., roi. 23, p. I6ii fig- A) 

Itached From an overlying iariie. Esarnplcs arc loess kindchen and nodjides 
in the tiitdcrcUtys of PenneyhTumn coals. 


Cheri Coficr*?fjons 

Chert concretions are chatactcristic of limestone and dobintte. Most of 
them seem to liuve resultctl from the selective replacement of carbonate rock 
hy silica. Nevertheless, a pninaty nathet than a secondary' ongin of chert has 
been stiorigly advooited. According to this view, sibca was deposited on the 
SCO bottom as n hydinus cc] dial accnmiiiated in nuisses which, after burial, 
wttc compaeted ami dehydrated to form diert. Tliat viieh luu been the origin 
of some chert cannot be dispTrued but there is little condicvtvc evidence in 
its favor. On the oihc! hand, iiiiich diert ecrtamly is a secondary replace¬ 
ment product and silica gel is not known to be ueamnilating anywhere ott 
tlic floor of the modem sea. Such gclalmons masses as have been postuLtted 
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would have been eompattcd to i uiuch greater extent than is iiuhcatcd by 
the iiliapes of most cheit concretions. Tltc vetj' perfect and undistoitod maJds 
of fossils that are abundant in many concretions show no mdence of ttc- 
crease m volunie of the cherL 

Cfterf and flint ate ptactkally sjTionymous terms although efforts have 
been made to establisb different meanings for them. genenij types of 
dicxt do occur, but they arc c^mnccted by complete intergradations. One^ 
which tiiay be designated rfiulc^donic cJieri, is glassy or wmy m appeaiance 
and breab with very smooth conchoidal surfaces. It may ineJude amnipbous 
silica as well as Cicccdingly fine-grained quartz. 1his varich lkcius in many 
colors ranging from to blacky red, and greenish. In cemtrasip tile other^ 
or novtfCEifiifc eJi4rrt is less vitreous and has rfighlly roughened, splintery 
fracture surfaces. Its silica prolsably consists wholly of somew hat coarser but 
still v^ixy firidy m’stallinc quartz and gene rally it is some shade of gray. 

Although chcii is very resistant to wcathcriug, on long exposure it is 
bleached and becomes slightly porous and possibly ^omewlut coancr 
grained. Most uiiweathered diert euiitains smalt bttf variable amounts of 
finely disseminated caicite or dohnnite. Prolonged leaching pfolKibly is im¬ 
portant m its decomposition. Some is at last lednced to 3 fruc: silitenus pow¬ 
der. Cheit nodiiles commonly are much more iTTcguhrly shapcil tlum shale 
concretions although symmetrical Jiid evcii spherical ones occur. Bedding 
mrdy shows any indication of bending around them, j^djacent nodules may 
coalesce to form niore or Iks continumn bands or layers and thus nodul^ 
po.S 5 into bedded chert. The shapi^, sires, colors, textures, and w^eatlierfng 
charactciistics of chett eoncretiom may be vm different tu diffetPii lirm:- 
stone formations or zones. Ihese features, therefore^ ^rc mcfnl in the adcnti' 
hcation of some stratigraphic units. 

Certain forma lions like the Devonian limestones of southern niuiois con¬ 
tain chert of more than one generation. Tlic migin of the eailier theft is not 
known with ecrtaiiih’ but there i% much evidence that hte chert is a product 
nf TepT4cancnt and all cl it may have formed similarly but at different limes. 
Certain hcd% of chert and limestone meet a1 well-dcveloped styblitic sur¬ 
faces proving tliat ^hidficatjon was later than stylolitc formation. Oultiops 
also cxliibit laterally continuous bedi passing abiuplly from limestone with 
scattered chert nodules into complete^' chertified layers i.%ithfjut change in 
Lhiclcue^ of dcstraction of somcol ibc textural features of ibc original lime¬ 
stone as shown m Figure 41, Active and tomparalively recent and rapid 
icpbccmcnl in other Umc^lones lx sliown by xilidficsitipii of parti of fossik cx- 
poi^rd on the surfaces of outcrops whidi confmne as caltitc where the tc- 
mamiug parts are enclosed m rock. Cliert nodules st^nd nut in strong rdief 
cm some weathered outcrop surfaces but lose fheir fdirnttty .md grade in¬ 
ward into almost unalteied rock. Nodules of this kind probably are growing 
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at the piesrail time- Analyses of some limestones have shown that the silica 
content decreases as chert nodttles aie approachecL Mines, quames, and db* 
mond drill cores prove that chert becomes less abundant in many lime¬ 
stones at only a short dbtaoce bcifw the surface. Also more chert is present 
in llic lesidual soil derived from some limestones than couW he furnished by 
them as thev arc coostittitcd in an unweatheicd state nearby. On the other 



Figure 43. QutCfOP af flaiWy tFmtiJPOe (L DwV.J Ifl 
rood cut ftCiil d Thfcbe^ in wyth«rni IJiliwii- TliTi foriwpHyn 

coniJjtM of fin^-arnilled^ my liaiSitort* b ihin even 

lay«f». \r sLiici^ed ond h Irpnffomiiid lo tn 

fh* lane of Wftofraring. Thil outcrap ihev* V kmab uf frtth 
unwyaleered riffleUon# aboyr fiv« frtt SlgFl prD[«cling Up- 

WPtd iilto jeMfldprf itlffrfi Hie fOrrlciCt k ihnrp, and 

loym ppu wfihtHUl fwluclien Sn dikknoM fiom 
TtOAB lo iKe £vidfln« b provided tiere ihdi diertlB- 

cation Lnvoived the lntrpducf>on Frflm loms axlemoJ »0ufC4 
af much liEhCO diet feplpeed ihe llmwlene. iDrtswn liTmi 
phoropfaph by WeBof, 1944, IlL GmE. Surv.* BuiL AB, 
p. 92, fig- 16-3 

hand some limertcmes appear to be 35 cherty far bciwv the surface as thci' arc 
at any outcrop. 

Much chert almost certainly is a concentration of silica originaBy dissemi' 
tinted in limestone in tlie form of sponge spicules, radiolanaiis, diatoms, and 
possibly tiny giaitis of quartz. Some silica, particularly that constituting late 
chert, may Ira VC beet transported in solution and some nodules lie along 
brrfding planes that may have firmislied a passageway for solurions. Much 
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cherts howe^-ev- is cncJosod in essentially nonpomiTs linie^ione. ITie silica 
that fomied it probablv moved hv cliS^isioii along crystal surfaces- 

SiliciEc^aiiou af carbonate rcjcks lias been kigliiy sclixtrvc. The phpical 
clieniistn’ of tins process is not adcqtiaiely ujideistr^ixl but ev idently some 
differejices in loczal coiiditioiis produced opposite results. Tluis in cer¬ 

tain fotfuationfi cherrt seems to liav-e bctn rcluctiiiit to Tqdaf'c doloTiiitc* and 
silica occurs djs^eminated iu dolomitic [avers but concentmted m concitT' 
tions m the limestone layers. At other platxs chert concretions ate more 
abundant in dolomite than m limestone of equivalent age. Chert may or 
niciv not preserve various tcactiires of the bed^ that it replaces. CiystalUne 
stnictuie is iiuv^iiere reproduced- In Some bedf fossils and oolites have been 
siheiSed Vb'itlioiit alteration of themutrLt but in otliciv iisiacily ihe reverse oc¬ 
curs. If bfitli the niatrhE and its cfiuiecits were replaced^ lioinogciiEous chert 
OOinmouK' vviTS dev eloped 

Of her Coiictrfionirf)’ Stmcfiires 

Pvritcand imccasite gccut as both replacement nnd crystalline concreiions 
geiitraliy in argillaceous and Ciubouaceous sediments. The cmtalhne 
nmie. %ccm to have made room for dieinselvcs as they giesv by the displate 
menl of smiuutiiliiL^ iiintcrial. Iron oside conmetionary ms-S^es have rcsidkd 
frmn the CKidution of tlie sidfidcJ Of of sideiite and pirsbably arc cxchmvcly 
stnicturcs prtKluced by weilhcTiug in the near-surface zone. 

Coal biiUs are a special type of coiierction tliat formed very' early to the 
dijgcnc&is of peat before plant stmetnres ^vere tniJc!^ decayed or had suffered 
appTCcniblc com pact ion. They aic rnonc or Jess rounded ealeateous rn asses, 
some of wliicli consist paitially of iron .sulfide ot iilica. ranging up%vard tu a 
diameter of abend ime fcMit. They' occur clijscly crtiwdcd in ntish or pi^lcch 
in the trpiiCT parf^ of Carbonifeious cual beds and are snnnimdcd by slick- 
ensided films or masses, of end. In them, phiiit dnictures jrc buaurifnily pre¬ 
served as the result of rqiltictincnL luhltcirionr and cementation hv mineral 
matter, 

XTany (.Fther ohieeti rcsenjbk concietiotis m some respetrs. These include 
phrsphatie and majigaucse nudulcji. w.'bicli are believed tn form slowly ou 
thcica bottom, mstalline tosiCtte of silici and gypsum, whieji tepLicc linsc- 
itcrrit-% tNdilev, unJ utbet vtructuie^. Like coricretirm^ tliey have grown out¬ 
ward frfrtti tlnbf centers the result ul some iocalmtd chtfiiiical reactitm in 
scttnt physical condificin tliat is not adequately iindmftirKl. 

Sfyfohfes 

Stylolitcs arc exceedingly im;gul;ir and ccmplctelv interlocking columns 
of various lengths that proicct hi opposite directions and meet along a very 
uneven surface. They are best seen in cross sectioH w here they- produce a 
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scam ot jutme iliai rises aud faiU abrupJy like a sbceply angular graph [see 
FigiiR 4^)- Stvlolites are abundant in scime limestones and otrur in many 
dolomites. They ate found tarelf and poorly developed in some sandstones 
and are present in or at the surfaces of some chert beds and nodules. 

Stviolitic surfaces generally extend neatly horizontally and commonly 
they appear to correspond with horizontal or gently dipping bedding planer. 
Some, boivc\'ci, are steeply inclined or even verticil and cut across the bed¬ 
ding. An example is shown in Figure 44. Stylolitic surfaces may he continu¬ 
ous over considerable areas iir hide out and disappesr rapidly m a lateral di- 
lectioii. ITicy' mav loin other and coalesce or intctsoct aitd cross eich 
other at low or nioie rarely at high angles. Sty lolitic surfaces diaiacteristicaly 
bears film or tbin later of clay and other insoltihlejnaterisl. 



Stylolites attain a length of si* inches or mote hut gcneniTly art lew tlian 
two inches long iTieir sides are very steep or vertical and commonly Anted 
and they may apptsn to lie slictensided. The tops of columns arc hactily or 
mote ntielv fiat and bear caps of insoluble material. 

SndolitK have been produced by difierential solution along both sides of a 
bedding plane, parting, fracture joint, or otliei type of contact surface. 
They dex-elop in response to pressure; colurnm uonualU' are elongated in the 
direction of tJiC main piessiue comptment. All rocks hulr the weight of over- 
lying nmtmfll. and in areas of nearly horizontal strata and gentle simetme 

stvlnlites are directed vertically. 

The confcnlioii has been made that at least some stiWites nrigmated m 
tuiccmsolidatcd sediments and that inteipeiictaitifni resulted troin aewage 
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induced hv pres^n:. No couvmcmg evid^c<^ siippoxt^ Lhi$ theoTy^ Most 
st\kslites certaiid^ their oust cnee to solution in solid cock. Pnjof is fur- 
nikhcil bv [ I) good de^'clopmcnt only m solubk rocks^ [2 j transertian of 
fossils and ocUtes, p^rts of which liavc been dcstioyed, (3 ) occurrence along 
joints trailsveric to Ireddiiig and at the contacts nf caldtc ram and wall 
tocL and (4| insolubk muiertal in day caps which is similar and appraxi- 
nrntely ecji^ to rfiat contained in thicknesses of limestone compamhte to the 

lengths of columns, 

Solution TEsponsihle for the 
iiicnt of stj lolitcs occtirrcd on kilh sides 
of a plane that originally was fairly Bat 
and mioollr At some places solution \v^s 
mom active on uiie side and at othets ou 
the oppcjsitc. As it pmgretseti this pro¬ 
duced ccnTiplcmentari' recesses and pro¬ 
jections and the penetratigm of eacfi bed 
by columns o( the other. Tlie insoluble 
residue rtmaining alter solution consti¬ 
tutes the argillaceous Elm that lies along 
the stvlolitk surface, 

Styfolitcs ate best dc\'dopc<l in pure 
limcstonc^^ 'Hie longi^t columm and 
must ahutidant sKlolitie paflings oaiui in 
criilallitie or coarsely tmgincntal stmta. 
The total amount of solution evidenced 
hy stylolltcs b great in many liniestDnes, 
anti the thkfcncsises of sonic formations 
liave been reduced by 2 ? percent or even 
marc. Tins nm he a factor of con&idera- 
ble impoitauce in quantitHtive stmti- 
graphic studies when the ainounl and 
thickness of sediments and rates of depta- 
sition are stimatied. 

Most strata cut by stylolite seams were 
nriginally v^ery porous. Tire source of cjh 
cite that now ccmenti them thomuglily 
and the disposilmn of the calcium carbonate removed m tiic dc\Tlnpni€uL of 
stykihtcs are both uncertain^ Po$i]hly caldte dis^Ived ata rfyloUtic seam was 
depoisitcd as cement nearby. This is quesHonabie, however* beeaure it seems 
unlikely that soliTtion wnuld have been so lix^ilised in a purotis rock. Tlim 
films of organic matter might have produced chemical disequilibrium and 
caused soltitiop along these planes Such an expbnaticFn would not apply to 
the dev^elopmcnt of shiolite^ dong [oint suifaccs or at vein tnargim, llie in- 
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tciscction ol some sh'blilic seams by otiiers show that solution pTObabJy 
w.’as most active along dsEcrsil scams at different times. 

StyloUte^ mark dipping planes in the Bank beds of some SiJmian reefs in 
Indiana. 'Die columns are oriented vertically and rise at an angle to these 
planes recording the action of vertical 
pressure [see t'igure 4?). The coliunns 
of spams that follow dipping non-reef 
beds in same other areas arc perpendiett' 
lar to the seiims and are believed to have 
developed befene the strata were hv 
dined. Vertical or steeply dqjping seams 
that cut across the bedding probably 
were produced in response to lateral 
compression. They are rare except in 
areas of faulted ot folded rocks. 

StyloUtic partings of very low relief oc¬ 
cur rarely in some ^’ell-cemented sand¬ 
stones, cherts, and qnortaites, Tliey prob¬ 
ably w'cre produced by solution of silica 
companiblc to the solution of calcite in 
many limestones. The sutured mutacts 
nf (jiniTlz gtuui-s in inanv sandstones appear to be sfy'lohtes in miniatuTe [see 
Figure 11 IB, p. 294). iJiger styloUtcs in chert or at contacts between chert 
and limeitone are rdict stnictiiTCs developed before the silidiication of limt 
stone and the fonuatiou of secondary chert. 

Other Soluiion Surfaces 

Stroetures occurring on the bedding surfaces and in zond of shcsning 
parallel to bedding surfaces of some steeply dipping strata combine featnres 
of slicktfnsides and shlolitcs: they have been tamed slickolrtfS. These sur- 
faecs licar inegular bands rivo to three inches wide extending along the strike 
tliat are polished and faintly grooved by duvvn-dip sfickensides and tenninate 
bdow in sliallow suhired pits (see Figure 46). Slight downward slipping of 
overlying strata accompanied some solution is indicated. These strochiiies 
have been observed in the fbnik beds of some Silurian reefs of the Chica^ 
nrei and on steeply dipping Mississ^pian strata in western Illinois. In the 
latter area they lewrd infcerstiafol movement just the reverse of that nor¬ 
mally occurring on the fianb of steep anticlines and syndincs. 

Solution of limestcine alroosE certainlv has occimcd along some bedding 
planes wirfiDut the devclnpmeiit of styitiliies. Some thin shaly partings be¬ 
tween hmesteme strata ihtrefcire probably are tBSoUiblt residues rimiki to 
tlie nniterial remaining at slylolitic contacts and not mnd that settled during 
brief interruptiuirt of calcareous depositinn. 
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Geodes are roughlv spherical hf}diC 5 i commonly hollow and hr^icaTly 
with jnwardh projecting qu3rt7 miihlis, Tlicy occur in liiDestone mucfa as 

chert iioduie$ do and appear to have 
grown b) espatisian. llicv ate most 
abundant and hest formed in cerh^in 
Missrssippian frrrrnatiprnfj thmughorTt 
wide areas but the^^ u(so occur in rocks 
of other ages. Tticir sizes range from an 
inch or less to more than a loi^t in di¬ 
ameter. 

Stnictines tJiat appear to be incipient 
gcodw mggest rfiat thejie bodies have 
tseen pn>flttccd by the fmgmenLitiqTt of 
certain fossils, particidiirly tniroids* and 
the grcnvtfi of between the frag- 


mciits (see Pigiite-IT]. Tire hwsds seem 
to Imvie hecu piogtcssfvely cUstorted and 
replaced h\ iilicij until all tmccs of or¬ 
ganic stinchire were dcstrovx^. The ex¬ 
pansion of geodes hai Tieoi cvpTaiiied aji 
resultuig from the force of m stal growth 
□r—’niucli less likely—from osmotic 
pressure de%e!opcd by diffusion through an outer layer of silica gcL 

Ill e grow th of geodis seems to have been accompanied by ^oinc solution 


Figure 4A. OrnTM^Jrig shcxwrng tkff 
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of surroujjdmg lirocstonc and (lie fotmation of poorfy dtvclcipt^ stylolitc- 
like outer contacts. Vi^cII-fornieel geodes are not comnicin in pure limcstime, 
however, and some of the most perfect ones occur in somewfut massively 
bedrlcd impuit strata or in highly caJeateous sikstone, TTic latter specimens 
indicate that some displacement of enclcsiug iiiateml probably was neces¬ 
sary for their giovi-th. Tjiis may be evidence that geodes developed in rmcOn- 
solidated sed i m ent - 

Quartz ctystals lining tliemnei nirfiaces of hpical geodes may be covered 
by later deposits of banded chalcedony, crystals of caldte, dobmite, and 
other less common mincmU including kaolinite. These indicate important 
disnges iti the local chemical enviroiiinent. Some geodes have been found 
containing oil. Die grcnvtii of quartz crystals continued in some geodes until 
the ccntiai cavity wai completely filled thus fntmmg solid quartz spheroids. 

Some rare gcodcs or gcode-lite structures comisf of niinerals otlier liian 
quartz. G>-psiim gC(/dcs liave been observed in the Mississippi an limes tone of 
western KentneJ;;' and cakite geodes also may occur. More ur less spliericai 
vugs ill limestone lined with crystals resemble gaidcs,, and distinctian l>c- 
twetii lltest two quite different kinds otstnictmc nray be difficult. 

CoiKf'l'n-Coitc 

Cbne-iiKoneis a type of shear structure produced by the development of 
trr^iluT colmuus consisting of nested cones in impme ea 1 r 4 Ti;riu.i material, 
it generally occurs in very argillaceous strata and forms Li>m nr lenses, rarely 
more than four inches thick, or in zones siiTTOUnding coiicietionSi Tlic cOiics 
coiiiiiionly liave apez angles of from 3(1 to 60 degrees althongb some witli 
htuaJec and others with narrower angles have been rqxirtcd, lbc diameters 
of columns arc about lialf tlicir lieigtit but this ratio is rather vanablc. Hic 
lizc of columns and tlie shape of conrs generally shows little vaTiiition nithin 
hi dividual layers. 

Conc-in-cone commonly consists uf 60 to 98 percent calcium nirbanate 
that occurs in fibtoui cakitc ciystali airanged vertically in the cohmins. llic 
cones arc sejjarated by films or thin layers of clay along which parting occurs 
wlieu specimens arc broken, f he surfaces of cones gcncmUy are marked with 
fine loiigitudmal striatioiis radiating (roin the apex and minh coarser tnegu- 
br annular ridges nnd depressions. Many of ihe cones arc incomplete or im¬ 
perfect ill their overlapping rclaritjn.s. Some large columns, have smaller, less- 
wtll-develiipcd coluiiirii of iubsidiniy cones ssithin them. 

■Jlie origin of cciie-in-eoiif has bectj much debated. None of the several 
thcnriciy presenter? to account for it appears to provide an tntircly adeqiiute 
explanation, and little progress has been made in imdmtanding these strut- 
tures. Agreement is general that pr^sute has been an important factor in 
conc-iu-roiic development. Repeated comparisons have been made with 
prewme and .(hatter cones produced iti other materials. Pressure responsible 
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for cone-in-cone bas been attributed to wdght of overlying sediment, force 
of cry's ta] gTowtli, and cjcpansjoit of concietioris. CoQiparisou lias been made 
<if cone angles with the angle of rhonibotdal cleavage in calcibe, Alw) whh 
tion has been called upon to account for the cUy films on the supposition 
that ihcy'ateittsoliible residues. 

Cone^m-ctmc lavm certstinly have been subjected to considcrniblc vreight 
of oierburdcii and probably fhb is a sufficient pressure sovucc. The arigiii of 
Uie caldte fibers remains tincripkiiied. They must be secondary and diey 
may liave formed before the sediment was iiiudi consolidated or compacted. 
If the fibrous crystals were luioricntcd excqpt along their long axes, shearing 
on the cleavugCj probably produced incidentally to couipactioii, would liave 
occurred m aJ] diicclimi^. 'Diis may have become marc prononuced as com¬ 
paction continiTcd and developed concentric patterns around fahly evenly 
speed centers and thu^ produced tlie columns. The size of columns appears 
to be related to coSTrmn length. Solution along the principa] shear pbnes 
seems to oplain Hic cones. Angles of cones may have been determined by 
the physical nature of the layer and tlie stage of conipactfcii it had reached 
at rile HtJie caldte fibers formed or by the amount of stihsecpient compac¬ 
tion. 

Gone-iii^one has been noted in fnrmations of alf ages from Cambrian to 
Tertiary* Gypsum cone-in-ctmc occur? in KanKis but it may be an alUTation 
alter caldte. Structures Tesemhliug cone-in-coiic in British coal re(|uiTe a dif¬ 
ferent csplaualioEL 

Oolites 

Otilitej are tiny sphtroids generally no mpm tlian u tw^cuty-firth of an iiicli 
in diamclei built tip of cfmcenirk layers tliat cammouly enclose a recogniza¬ 
ble cGitxal nucleus* If abundant in a sediment, thi:y provide it with a distinc¬ 
tive texture. Other siunbr bodies without concentric layering oi without tm- 
elci, and some forammifera, are easily confused witli ooiiJcs* 

Many kinds of oblites or oolitedike bodies liavt been reported rampojecd 
of diffnent mmerab and supposedly foraied hi different waj^. llie most 
caiinnon ones are caldtc and occur in maiinE formations, .Ar sonic places 
these ore so abundant tljat they' are the marn constituent nf limestone- Fl^e- 
where they ate associated with fraginejital calcareous particles and may not 
be apparent estept m close examination. l he>’ are rare tn very fine grained 
limestone and in dciiiimantty detrital sediments. Some ouhtes of diBcrent 
composition, particularly siliceous and dolomihc ones, ondoiibtedlv were 
produced by the replacement of calciuin carbonate but the tjTu^iu of others 
ts more or less disputed 

Calcareous oolites genemlly contain recognizable midd which arc mhicral 
graim uf various kinds, fragments df fossils, or other fibjccts, lire nudei are 
of varinus sizjk and shapes but as successive layers mdcise them, more and 
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more spherical forms Tlie coneciitric Itunijiac ate of unequal 

nesses aJiil are distingiiislnble from each other because of slight diffCTtnces 
of ccloTp opatity, aud crystal stnteture (icc f* igure 48}. Some of the Huctec 
laym imy consist of mtiiaJly directed 
calcitc fibers. Tliese niiniite stnictiiresp 
howc'xr, are likely to have been altered 
by recrj'Stalli^tioii and some oolites 
liavc lost all traces of their concentric 
laminae in Qih Larger fossil frag¬ 
ments; and the whole shells of riny fos* 
si is in richly oolLtk: deposits may bear 
thin inctnj tat ions of siriiilar lammae. 

Calcareous oolites arc being formed 
at present m the shallo^v warm clear 
watcis of tlic Bahamas, the Bed S<3J* 
and elsewhere, lliey consist uf arago- 
iritc, and pruhably the oolites of older 
limestones oirgiiuJly were similar but 
have altered to niorc stable calcite. A1 
tJjough dlgac liiive bccti mentionKi as 
the agents rtsprniiiblc for the develop- 
meiit of modem imliles^ it is much 
mofc probable that oolites are inor- 
gank and certain alg^e adhere to than 
just as these tinv pbiits live attached 
to oi bore within many ocher ob|ecLs. 

Sea water saturated with calcium car¬ 
bonate and pcxlu|js slightly more sa¬ 
line tiiani ordiiiiiT) seems necessary fur 
the dei cltiptncni of <iohtei, iMso mod¬ 
erate rurbulerKe of water appears tn be 
required to keep the growing oalifes in 
more dr less constant motion and to 
permit Calcium carbonate to acctuiiulatc uniformly over Lbeii wiiok surfaces. 
Ske piubabiy b limited by the lifting power of normal wav-cs in shallow 
water. When oolites become s^o large that thej' remain motionless on the 
bottom thev cease to grow. Larger bodies of somcvi^hat similar form and 
structure* coiiiraoiily teimcd pisolites^ had a different origin. Some arc algal 
bodies and othm may have been prodiicdtl by some kind of concrebonaiy 
pTucess w'ithin a sediment or a residual depositr 
Calcareous oolites and othen altered by rcplacenieiit occm in sedimeid^iy 
locks of the Pitc^unhrian and alt later ages. Umestones with abuntkirtl oo 
lites commonk are cTOssrbedded and Eshibit other featwct indicaring rapid 
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dq3CJsition and wave or oiirEnt action in shallot" Thctt can l>e little 

doubt that s^ucli strata recoEd die existence in the gtioiogic past of coaditions 
smiikr tfj tliocic noiv u^here oolites are bein^ formed. Richty 

ooliHe Ijmcitune^ geiicrslly are neither thick uot extensive liiteralhv indicat^ 
ing Uiat fsolitii. cnnoinnierit^ of the past were temponir>' and local fenhues 
of meue cxhjswive scjs just they me today. Oolites uriginairing In ^iicli 
iiixns, however, may have been tnmspotted in greater or less aiundaiice and 
deposited viith other sediment in neathy areas. 

Catcareums oolites are being Formed in a few moden] lakes* both salt n^nd 
ffcslL and in hot springs. So fer as is koowTi* oolites of tins kind hav^e rarely 
been preserved and they liave not been identihed in many ancicnl sedi^ 
nieii^s. Silicenin oolites are present at many places but seem to be most uOiii- 
luoti ill the older geologic systems. Tlicy generally occur fn tlicrS or m Kcmci 
W'heic otfier conijMiueiiLs of Umestoiies and dolomites have been silkified. 
Most of them were origiiially talcartous aJtimugh ihere are some possible es- 
teptionx. Ilcinatite oolites ate abmidant in some cestiECted atfatigraphic 
zones sudi as the Clititon Group (SiJ.j of the Appalachbin legioiL Tljeir 
origiria] natoic lias been llic subjecE of ninth aigumciit but slicy occur with 
strata in whidj takareous ftj4s.n ihells luive been repkeed by iron oxide. TIic 
genera I Iv fiattcnccl ffinti of these feirugiiiom oolites lias been dlcxl as evi¬ 
dence txitli for and agaiusi: replacement. Dark-colored phospbafic bodies re- 
sEnibling oolites possilaly formed on the ocean flixsr in area$ of ven' dewv sedi- 
mentian' accumulation* but light-coloied ones piobably hav t bixn replaced, 
and krger pisolitic tx>dies are most likely concretionary. 

Sphenilitic stmctiires much like oolites and pisolites occur in clav but 
thev had a vm different origin. They arc present Only in matcnal of high 
alumina content hke the diaspoTe of Missomi and bauxite. Tticse are 
sccfmdarv 'ittucturev developed dining the pmtincted leacJiLug lliak removed 
silica and punilcd wliat w-as originally more Ordinary clay. 

Organic Structurei 

Lirge and coiispieuDus organic structures such as reef.s and bioherms arc 
coosidcred in Chapter 14^ Smaller ones comprable to the physieal and 
chemical structures described In Elic preceding pages are closely related to ur- 
gaJiic EextrircS gtiJ have been uicutioiiec] [see p. 9*> I . Ilicy consist mainU 
of i i \ the intema] shructurci: of fossils thtrnsdvcs that become the structures 
of llicTOck if Fossils are cemented to fomi solid limestone, and jZ^ types of 
bedding and parting especially m sliale which arc mnie at le ?^5 ^truiigly in¬ 
fluenced by die picscucc of fossils, llic dcvelopTnE-Tit uf many concretioiuf 
abn appears to Live been related to the localized occurrence of organic tiia- 
texial that created chemical conditions cmicludve to the diSnsion and pic- 
cipitatjon of several kinds of mineral matter. 
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COLORS 

The color of a nick U one of tlic firtt things noted by an observet. Com' 
monly it is also the rock’s most intangible <^ttalily. The color is different 
pending upon whether a rock is wet or drj'. WTieii wet, colors are darker 
and more intense. Less stnkmg but comparable differences depend upon 
wlielher a rock Is viewed in bright sunshine, .shade, or artificial light. The 
visual impiCJsiont of color ui individual layers or rock bodies ate iiiffueiieed 
by the colors of adjacent rocks and other norby objects. ^\lsa the quality of 
a iiirfac.'e, wiiether smtxith or tough, affcit.v its apparent color. 

The color of a rock or sedinrent depends upon (1) the tuicinsic coluis of 
the minerals or rock fragtueiits of which ft is coinposed, 12) the shtes of these 
fragments and the closeness of their peking, the amount and kuid of 
organic matter present and Hi tlie amount and degree of oxidation and 
lualtalicm of iron compounds. Of these, the last two are generally much the 
most important. 

Intrinsic Colors 

The common stable minerals which constitute by bf the greater part of 
most sediments and sedimentary rocks arc liglit colored. Thus crystalline 
quartz and caicite ate colorless Of, )f divided into fine prtides, intensely 
white, Most clays if uncontaminuted are white or very' slightly greenish 
Colored uiiiieraJs like pink feldspar may be abundant in some sediments 
and color them but tlicsc niincrais betumc white when pulverized. OiiK die 
ferruiiiagtiisiaii iiiiiienils and certain metallic oxides, which remam dark in a 
finely divided state, arc likely to infliicnee the colois of sediments imptlr- 
taiitiy. Most sediments ate fine grained and, theretore, they and scdimtnluiy 
rocks o( similar texture are very light gray or white if devoid cif ciiganit mat* 
ter and itoti compounds. Exceptions arc rocks of the giuywackc tvpc contain^ 
ing abundant ftasraents of dark in mere Is and rocks, and immuaj sediments 
like same tieicii sands in which dark fitavv iiiiucrab are concentrated. 

Ctiemicul decay of meb and minerals accomplished cither at tlic place of 
origin of sedimcfits or later is almost certain to alter or dstrov original colors. 
Consequently sedinumls coloted by their consfitiieiit minerab or foci ftag- 
meiits are most likely’ to be ptrsduted in arid or cold regions where clicniicaj 
activity is at a minimum or by very repid mcchanicBi crffiiiiii dsewhere. Such 
sediuieiit may be transported through or to a different cnvirotlmEnt where 
chemical alteration is likely to occiiri Therefore, transportation and deposi¬ 
tion also must be accoinplislied under arid or cool conditions uj must be cx- 
ticmelv rapid if scdimciitii are to retain intrinsic colors. 

Comreictiun somewhat alters tlie colors of finegraini«l sediments and 
rocks. Closer crowding of tire particles pfoduces darket or mote vivid shades. 
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OrgmiirAftJfffir 

Most dliiii^coLng of rock colors through shades of gtny ro bta<k resulliirom 
the presence of organ[C mai-ter- Carbonaceous coinpoundt derived fioni the 
degradation of plant tissiici arc most effeclive. After the earlv stages of this 
proccEs tlte organic matter is iiLtenscly black. Bitirniiiiutts campouiids, on 
tJie other tirrncf* particularly tliose that evolved hirtlist as the result of 
dynamochcmicai action, have less influence on sedimentaTy cobrs. Mmt 
scclinimts contain some organic matter but the darkening that tesults is not 
closely proportion a! to tlie amount present i?ec Figure IS, p. 

The occuiTcnce of appieciuhlc organic matter in sediments inTplic!! 
f 1) that organisms eristeil in some ahiindance in or near the area of depnai- 
don and (2) that IjieiT temains were not completely desttriyed. Tlic prescp 
vation of organic tnatter h tn trim dqx-nderU both oh the kind of matter 
present mid on the conditions to which it has been stibjccicd. 

Tbsues of the higlier plants^ particularly those with woody stems, art mort: 
resistant to bacteml decay and Rre less likety to be consimieil as food tlian 
are those of animals and more primitive plants. Bccausemost of the tcrrestiiil 
eovironmeuL now^ is dominated by the higher plaiit$^ their remains consti¬ 
tute the organic matter jit terrestrbi sedimenfa to ilie almost complete es- 
clusioti of otliei Linds. Since laic in middle Paleozoic time, wlum plants 
came adapted lo many land envirotiment^ ali terrestrial sediments except 
time produced, trjospfirted, and deposited imder esiTcmely arid or ex- 
tnmiely frigid condiHoita aie likely to have contained organic matter of this 
kincL ‘I'errestrial organic matteij however, is subject to more or icss compIeEc 
destruction m areas of high temperature, liigh bmnidity. and good jsoil draiii- 
age where rapid bacterial action is favored. ConHCquenliv dark coliiprs in ier- 
restriai sediiuents resulting from high organic contenl generally' indbati! 
moderately low Icmpeiatniu or poor dratiiagc at the site <if dqxisition. 

Tlic fot>d chain in the begins with liuy plank tonic diatnuis and algae 
and pmgTCSies through a more niirrreTOUs ind umtt ctJmplicated series of 
animul slugo than it dots iin land. Most of these microscopic plants are 
catcTi by animri? biU the ronams nf some sink to the bottom with other sedh 
merit, [..iirger plants with lesisbiiit woody tissnis are essciltially lacking iu 
this Jiqueous environment. Consequently mucfi less oigaihe rnnterkl derived 
ftoiii plants m potentjally available for Inmal in maTine sedimenis in enm- 
patisou to that which might he coniiibuted by anhnals tlian npoii the land. 
The mnsl important possible oceptiorti are provided by some shailtiw 
coastal areas where seaweeds are abundant. ctMit temptraturei pre¬ 

vailing in the ciccqit in shallow' water of the tropics, art less favorabk 
fnr rapid h:icreriiil decay than the higher taiiptmtuixs nf most land areas. 

Maiint sediments, therefore, ute mrare likely to ton tain easily digestible 
organic matter of annual origin than arc sediments of the land. Tlib re- 
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fleeted b\' the hcKit qI sca^'engiiig cfeatnres that live on or in sca'bottnin &cdi' 
ments Jiiid obtain their noinislinient by eating mud. Under ftivonible cordi- 
tion-t thar activity removes much ot ilie organic tnatcrial. This is most likely 
to he preserved if ciqKwiLiori \s too rapid for scavengen tn eat it all or if phys¬ 
ical conditions arc nnfavtirable for Uicir eacistence. Most richly organic and 
therefore dark-colored niiuiue scdinietits probably accmnnlatcd in areas 
where Ixiltom scavengers were not jibnndant. Lack of rvHter circulation and 
consequent oxygen depiction and tlic accumuktioii of carbon dit'xide and 
hydrogen sulfide, resulting from the bactenid decay of abundant organic 
niaterLiT. are most effective in reducing or preventing the actisity of staven- 
gei5. 

Moderately degraded plant material such as tlrat whidi ocems m peat may 
import a brown color to sedimenls and inda. Such coTm? arc not uncom¬ 
mon in the I'ertiaTy strata of some regitms and are present rarely in rrjcks as 
old as the Caibonifcrons. These colon do not ocenr in mirrinc beds except 
pass!hiV 111 some that accumulated in very shallow coastal zones adjacent to 
swampy areas on the land. 

lire presence of organic matter is iinportunt m tlie colonng of sctliments 
and sedinicntuty rocks not only because it is a dark pigment !>ut also be- 
cause it serves as an effective reducing agent aud prevents oi ties troys the 
bright colors that iron compounds mi^it otherwise impart to them. 

Iron Compounds 

Iron constitutes about j percent of the rocks occwrnng at the surfare of the 
earth. It is so abtuidant and ubiquitous tba! few scdmciiU or rocks are ea- 
tirely free fium it. Also Uou js peculiar among the other piuicipal elements 
in that it exists conimonlv in two valence forms and passes easily from one 
to the other as the result of oxidation or reduction- Finally, most iron com 
potmds are colcntd and some of the more piuvalctit oiies are powerful, al¬ 
most insoluble, pigments that persist indefinitely- Consequently iron is the 
most important substance giving colmi to sediments and rocks in contrast 
to the shades of gray to black produced by oiganic iiialter. 

Compounds of the tw-o foniis of iron Have diffenent propertres that are im- 
portanl m conncttiun with the transportation and deposition of this cle* 
ment and the colors it impaits to sediments and rocks. Simple ferrous com- 
poimds ludi as sulfate, carbonate, and chloride ate mnomly solubk and 
generally greenish or bhihh gjecu in cokit, «lieii m sotuHon thev arc readily 
oxidized to feme compounds. Tlie sulfide is insoluble, black when finely di¬ 
vided but golden if crystallized Colloidal iron sulfide and the cnsfallme 
form of manrasite oxidize easily, forming fenic oxide anil sitlftiiic actcL Pynte 
is comidcralilv 

cptijCspcHiJing ftaric ctinipounds do not ooctir in nattnc becair^c thc^ 
hydrolizc In the presence of water, producuif fenic oxide and acid Fcnic 
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oxide i$ practically iuxoluble but it is formed commOTily ss a tollutd and it is 
easily transported in this cciidition. In the presence of of^tuc nratter and 
cafbmi dioxide or oi^nic acids, colloidal ferric oxide is reduced and soluble 
fenous L-ompopnds are produced. 

Fcnic oxide occurs in both hydrated and inihydrated forms. The hydions 
oxides form q series and arc know n collectively as Jtfftonffe. They have colors 



Figure 49 . Diagrarn ihowing lbs r«lDti^i> of ferric end fertovf. 

Iron Id CO^r Pn maTamDrphpc riHiriPig ham BDilvrn New 

York end weiterrt Thm porpEp iLotei the-f wht* itudled 

ore digblly Imi4 oxidiE«d tHon Hie red onos. b ^ doLitrlfuIr bpw- 
ever, ibol ilmlbr rerofioni occur id r«d bocfi^ where purphfh ceU 
on Trtoy hove been prodiicid by greoier compqcftoq of the tedl- 
mwfiT. GrvDD find b^ock iblee retMl eo ligniRwit (Cffarenc^ tn 
Hieir itale fif oeldollar^ find ihe color probobly ti laioied lo tat- 
bon tcKitoor. (After Tomllnwe. 1916. J, GeeJ', 1 ^ vqI 24. p. 158* 
fig ZJ 

ranging fram ycliCT ycflow to dark brown, uuhydrataT o\icle u /rf^rrz^^ife 
and It red. "Tliese coIor are very stmng: Imy iimoiojts of iron w ill toim 
sediments and rocks brillianth*. Botfi Oroides generally aecumolate as films 
upon the gnuas of otbrr minmils or ui the between tUem, Also, liaw- 
ever, Uiey ptobably arc djcmically bound in Some thy minEoils. 

Under some ciftumstancci tbe svater of liydnatimi ran conn: cn go in fcT' 
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TIC Diides. For example, field observations indicate that the hematite of md 
residual soi! Ls hydrated during fluvial transpijitalioii, and btowm Iknonitic 
scdinicnt, chaTactenstiC of most modem alluvial deposits, is prixliiccd. In 
contmsU manne strata mav be ted but they arc veiy rarely bitmi ui an uii' 
weathered state- Tlie iiifcrejice is tJiui brown o-siclc deliverer! to the sea hj' 
streams is either reduced tu the ferrous state or dehydrated without redvic* 
tioii by the action of salt water. 'Ilie physical chcimstiy of these reactions js 
not understood but they do not seem to be reversible under tlwse general 
eoiitoiinqental conditions. 

Tlic kind of iron coloration exhibited is an index to the oxidation state of 
a sedinicnt ur roct (sec Figure -W j Yellows, browns, reds, and puiplcs indi¬ 
cate a high degree, and greens a lower degree, of oxidation, 'lire forarer 
colors are imstahle in the pres-etice of yrganic matter and the latter are un¬ 
stable in tlie presence uf atmospheric or dissolved oxygen. The bright colors 
of ferric iron are comm on in older it rata deposited under terrcxtrial coiidi- 
tions. Tlies' also occur, but an: uitcotumon, in beds nf luarinc origin. Altera¬ 
tion uf ime state to the other is shown m many rocks by moltlmg or cliange 
in color along joints and beddmg pltmes. Grecnidi or blochcd areas In 
otherwise reddish rocks mdiciite the local presence of mg^nie matter or it 
duetion by org^tiic substances coutained in circulating groimd water, ijuiu- 
lar brownish tolocatian in greenish nr uutinted rocks indicates oxidatiun by 
descending mctcpric 

Colloidal black iron suJfide, which may be present ui amounts ot 5 per- 
cent or more, contributes to the dark color of sonic rocks and sedtmenti. It is 
geneialiy accompatiiet! hv dark organic material. Reutiangemcnt and ctys- 
talliation of lliL^ sulfide as oiarcasite or pyriteinay ligldeii the colon of some 
strata. 

Red Beds 

Red beds have attracted much attention Iiccaiisc of their striking colors 
and the problems thcv pose tonceming tlicir wr^in. In the past the opuiiou 
has been widdv. but probably emmeoissh.heW th.il they are the pnHind of 
a desert cnv-homiieiit. Most luodern deseils are not rtxL and if they are. like 
some large parts of the Sahara, they ow^ this color to the disintegration and 

decomposition of Jocallv oiittauppiiig ted rocks. 

Red beds genraallv ciinsist of alienating and mtetgradmg clays or shales 
and sandstones ‘fhe most typical ones appear to be terrestnai deposits, Fhew 
occur m all geologic systems from tlie Precarubrian onward. The co ors range 
from pinks and oranges through brilliant red to deep reddish ptiiplc. Colors 
comnioiilv are concentrated in the finer sediments, and the sandstones arc 
likelv to 1^ mucli paler or only biow iiish or untiritcd pay, Some red In.'ds lU- 
clude gvpsum and othei evaporites but othcis contain limestone s^ta. A 
few marine liracslunes and shales of considerable thickness and aiol extent 
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are ltd or teddisli, ^Tost sncii limestones are impure and argillaceous. 

TTie colon cliatacteintic of led beds indicate a tigh degree of oxidation 
without hvdiatiou and the pittscntc of little or no organic matter, llieir cs- 
eiteDce been esrplained varioinly as follovi^ r 

I, llic color is intrinsic to the mcks tliat furnished sediments, ff led gran¬ 
ite were reduced bv mcchaaicaj disintegration mthcT than by chemical de¬ 
composition. fed beds might result. Among such sediments the cnatsest 
should be reddest because the color of pink feldspar is lost or mucii less well 
nut rted in sedhnenis of finer siroS. 

The color may he inlieiitcd from older red beds. Tliu.s the ^^a^ajo Sand¬ 
stone (JiH.j of ihc southwest has been interpreted as a product of icw'oiked 
Tiiassic red beds. If sach sediments went tnmsported far, the red coating 
pmbabh' would be removed ftom sand Erahuf by abnl-Sitin, and iron pigment 
would be ton ceil Lra ted in the finer sediment 'iliis erjibiiation may account 
for some red beds, Observ'atitrns show, heuvever, tiiat in fluvial Iransportaticm 
red colors commoulv tum tu brown as liinonite is produced by the hydistion 
of hematite. Possibly hydration of red oxide requites the presence of organic 
matter or ia very slmv and it may not be ticcomplished in arid regions. 

Z. 'Phe color is inherited {rnm residual soil. Residual days formed by the 
w'Cstheriiigand chemical decomposition of rocks in warm temperate to tropi¬ 
cal regions of moLst climate and good soil drainage aie g^crally hmwn to 
red. Under these conditiaiis organic material decays most rapidly and com¬ 
pletely and it is not as-ailablc for reducing ferric iron. Limestones and many 
kinds of ignrsnis wcki parritnlarly are likdy to yield red soils. AUematc ivet 
and dry season-s sctin to proride especially favorable canditirms, and some 
red beds probably are IranypOTtcd and redeposited red soil. Sediments de¬ 
rived from residual soil, however, ate subject to the same ctindifinns and 
processes that may alter the colon; of material produced by the eiosum of 
preexisting red beds. 

Tlic color resulted from conditions ot the site of deposition. Red beds 
may dcv'clop from nanted sedimctits at the time of deposition or shortly 
aft^ards, Atiuosphcric oxygen may transform ferrous to ferric compounds, 
and hot dry summers might favor dehydialion, Rod sandstones as well at ted 
day or shale should be produced. Lack of 01 ^nic matter or iLs rapid and 
complete decay would be recjiuTcd. Marrfiy conditions could not liavc ex¬ 
isted but altentate wetting and dtyiug, sneh as might occur in a i^ioti of 
iKjsonal extremes, seeiiis to be demanded. Tlih it one of the most favored 
explanations for the development of red beds but no place k known m the 
world today where action af this kmd is taking ijlate. 

4. Ttie color ilo'clopcd m buried sediment- Dcqi burial of sedimeut is 
attended by incieasing pressure and rising temperature. These may leswlt in 
the dehydration of brownish ferric oxide and the desmlopnieut of red beds. 
Both depth of burial and time may be important facturs. If tliis process is 
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opeiafctve, all buried sedimenK containing fcrrii; oxide should become red 
lu tinje and ordv (hD«? with ferrous iron not acquire this toJoi- Sand¬ 
stone* should be red as stell as das'?. 

Snnie tnowetiiEiil and peihaps di^dopniciit of ted uon oxide in b lined 
strata is indicated by the tKcucrcnce of indtiSiioBs in ilie quartz cernmt of 
certam sandstortes-<\ stiy thicL siteccssioii of tcfiestnsl Tertiary strata in the 
northern part of western Pakistan is su^cstivc because it shows eotnplele 
gradation from dark piiiple nfds beltw to ligiit orange brown above* Latex 
Tcitiarv davs in manv other areas comnionly ate les strongly coloitd than 
older Sudt culm gradation, however, may have resulted from general 
climatic changes during the Tertiary Period. Furthermore Tertiary red beds 
commonly include gray sanditonet. 

>. The color deii'cloped aftet tiplift and espostue. Oxidation or exposures 
gcneially alters fentnis iron to brown Umonite, and the development of ted 
oxides witlioiii tlic complete chemiiral decay of rocks b rart. Strata adiacent 
to burned lignites and outcrops swept by forest fires niiy be intcnscl} red 
hut tlicv sro not iikcU- to be mistnltcii for true rod bedi. if the color nf led 
U-.U developed near outcrops and at sliallow depth, it should fade nut and 
disappear close Itelfwv ( he surface. Tliis genccjlly tloea not oec qt. 

Red marine strata poroa different problem. An oxidi^mg enviitmment at 
the site of maTmcdeposilioTi prolwhly is rate except in sonroyery shallow 
coastal atcis and i« the deepest of the ocean where sedummration is 
sffjw and bottom life is scant. Some replaconoit of caLiiiiJi cml^nate by 
hematite certainly luis taken place, hot tiro nature of this process n not un¬ 
derstood and it appears to have required special condihmis that ate not coin- 
mim. Most red limestone probably is colored hy smal ammmh of piecipi- 
tated colloidal ferric oxide or by rod dctrital day. Red day and shale nray 
have inherited thdr color from i«idual soil washed into the tr^ nea^ 
land, or liiiionite. derived from the same source, mav havT been dchydra^ 
bv the action of s« water. In any case the main ptobkm w to account for 
the pcrsistaice of feme iron on the sea bottom where the abundanre of ma- 
rinc hfe might Iro expected trx provide orgamc matUT and prodnee a mlu^ 
Ing environsnent. FethaiMi some comhuiation rjf rapitlly aLcumxtbhng rodi- 
mciU comparatively lidi in iron and cnnditicms unbvoraLle for buttmu hfe 
may have permitted ferric iron to escape reduction. 


Gthbu 

Tlie pale gfecnisb colors produced in sediments and rocks by ferrous com* 
pounds .iTcLucl, exceeded in iuteusity by the sUong greeivs o glauconite 
and ddoiile. w hich are much more likely to provide the pigmetits of noticc- 
ablv coloied iCKks. Glauconite comnionly ocenn as santLsiyed grains in sand- 
stones and fragmental limestones of all ages from Camhtuu to Re«nt. It u 
generally a primary consUtuent of shaUow or more rardy deeper water sodi- 
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toeuL iand to h^vc lonntd on die sea bottom in ureiis of mildly 

reducing conditions and slow dctntal dcpositioa^ Cmms dial aie mughly 
pseudomCTphic after fonunimfeia arc comniaci m Cietaceous and Tertiary 
strata and seem to have de^'eloped within die hollow slielb of ih^c liny ani' 
mab. Claiicanite also occurs as smaUer particles ranging downw'aTd to ini* 
nute siiieds and Sates in silt and shale. 

Claucojiile forma don b' not uiiderslrxxL ITie opinion has been widely 
held that it li^n alteration prodnet after lifolitc, but glaucottite is an impoi- 
Unt constityent of many sediments that eouid never have contajoed tiib 
mica in abundance!. Its principal mode of detefopment probably nivolvc^l 
the alleratioii of sedimentary clay to which was added mutcrial derived from 
solutioti in ^ w^ater. No gUitcoiiite is known to have unginated in a fresh* 
water cuvimtsmentH Sonic gUucciniic tnay occur as a secondaT)^ minciBh how¬ 
ever, fcplacing others and constituting pari <jf die coneid in sandstone. 

Glauconite varies from nearly black to nvid green McfSt btight^reen sedi¬ 
ments probably owe their color to this mineral, It occurs as a muior constitu¬ 
ent ill ctmSidenjble tbicknesscs of strata but may be concentrated m thinnet 
zones wrbeie it is the most abundant minera!- Concentmtiou of glauconite 
has been observed above niimcrous stratigraphic surfaces tliaE liave been in- 
terpicted as [inconformitie. In such situations it is likely to be associated 
w ith black phospbatic nodules. 

'Hie name diforife is used for a family of mlated clayey mineiak derived 
fiom the weathering of primary ferromagne^iian minerals of igneous rocks. It 
Aho h a product of the diagenctic alteration of clay in sediments and lias 
been observed partiallv icplating other min era h. Piobably much chlorite hi 
tedimentary rocks Itad this origin It geno'ady occurs in very tiny crystal Hakes 
lying bdTveen ot sumiiinditig coaTser sedimentary paTtitles although larger 
masses and grains are uufc uncomiimn m some rocks. Clilorite is green urith b 
color range frotn alnifi^^ black to nearly colorless. Color is not a& a nilc: con- 
spicuoits iti die very hne-graiited chlorite of most ^ediioents. 

Gtuiieonite ynd cLIotite luQy be difficult la distingoish. Both are soft min¬ 
erals* and conspituou.? grains of either are not likely to withstand the rigors 
of munli ttanspoiration. Glauconite grains therefore arc considered to be 
good csadcnce ideulifying luaiine sediments. Chlorite gmiiis* liowcver, do 
not have siitiilur signifiance. Glauconite is not known in. Precatnbrian rockj 
w hich cotilaln seveial green minerals of similBr appearance and pm^vibly ^imi- 
lat origin. 

Colon 

Many day's, shales, limcstoneSt partieubrlv fJnc'graincd one?^ and some 
tightlv cemented sandstones of darker gmy shades show slight blLiisli eolors- 
In day^ and shales these are mcjirc rxinspicuutts if the material is wft. Organic 
matter genmUy i$ present but the sourte of the blue color is not fcnowTi. 
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Sonic rocks are stained a vivitl blue by copper or siiTue other metallic cotd- 
poimds hot siitb color ordmarilv js vct>' focal. Afthuiigli many rocks have 
been termed "Wllc,'' a tnic blue color is never seen in sediments and sodi- 
mentarv rocks except 3i stains, and at best these rocks can be dciciibecl accu¬ 
rately as only faintly bluish. 

Coior Changi*» Product by WeathenHg 

NtfliIV sedtmentarr rocks showdiflermt colors on ni4temps and on freshly 
broken and unuciithcrcd surfaces. In dense iioiiporous tucks tike most liint- 
stonft the change gcoerally occurs itbruptly ts dhin a narrow surface zone but 
tu poinus rocks like tmiiy jandstoncs it is bkeh to be mom gradual and ex¬ 
tend inward a considcrabic distance fitirii the surface. Hie color difFenence in 
jwome rocky is great. A gcohEist acenstamed to obscishig outcrops may have 
difiicuU'v identifying familiar fotniatioui from ctues or svcil cutiiiigs and vice 
versi. 

A lost icdimciits consist 01 the end products of the chcnricad weathering of 
minerals. BccaUMt thev Intve attained stability fmtlier chaiigts of this type 
ate not important, llic sediments were deposited under ^ vanety of condi- 
fioRi includiiig particularly thirst related to (ixidabon or reduction, which 
dctcnniiied The nature af their included otganic matter mid iron compoimds. 
During the subseriiient bntied history of the stdinnmt, tfiese conditions ap- 
parentiv were presers'ed Tnore or less unchanged, Li^plift md erosion, Titiw- 
cvei, brought the sediments, or the now consol idn led mcki, mtoctmlact witli 
tlie iitriiosphere. Smirciallv nt least they entered a ser} different enviTOnmtnt 
and Qiiiny of these lOtJs for the hrst trme came imdet the influence of un 
impeded oxidation. Tlii-s is more generally true of marine Than of tc^cstrial 
deposits 

Atmospheric oxidation has acted chiefly upon U.c organic matter and fer¬ 
rous compounds of exposed ttjcks. Both play hnportanl parts in ginng rocks 
their cotfiis'. Oxidation of mg^Tiic inafter lightens gmj'v. Nfany liracstonct, (a- 
pcciullv oolitic lit id coarsciv fragm^tJ^^ ontsi, are itmugiy hlcHClitd .vo that 
light grav nr while snifaccs overlie much darker interiors. Some ikd- gniy to 
hl.ick hard lurbonaccons duiles arc smidmiy buf less comp etcly bleached. 
Thth nntcnips inuvcemvcv au erroneous impression of tntc diameters. Other 
black shales, lifmwcr. aixm to he wholly immune to this pn^ess. 

Oxidation of ferrous compnimds produces vclTowisli (0 brown colors and 
darkens the appearance of miniy rocks. Sideiite gcncrallv is transformed to 
limoii.te in place without conspicuous migiatim, of the irou or mi^li pmph- 
oral sfjhiiue Limestone with small amounts of irrogularlv distributed iron 
carbonate ties'dups Iighi brown patelics. I bis cnlw cxlciitls farther into tlte 
rock than surface blcadiing- Iron snlHde oxidim first to fenous suJfale 
and then to bniQiiite. The fust stage of this alteration maj occur jt stmit di^ 
taucc from the outcrop surface. Tlic soluble sulhite then transfuss slowly 
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and is gcuetally dmwTi tbe sotface by capdlaxy loice, Eurtbei oxida¬ 

tion results in the staining of considerable volurnes of saodstoncK ox limonite 
accamijlates as a ban] clurkThro^'n cement at the surface and casebanden^ the 
outcrop. Similar action octmt m porous limestone; commonly dolooiites 
arc slightly stninird in this way. Also greenish and light-gray shnl^ generally 
become bmwTiish near an ontenapping siirfaec or a shallow joinL 

Teirestrifll strata exhibit less important color changes ttiaji marine beds* 
Many of them were deposited tn an oxidizing environment and contain 
tiothiiig that can be ftirthei oxidized. Red beds seem to be jiarticulady i"ta- 
bte and stiow little or no evidence of hydration lliat would fraiisfnrm reds to 
hrowws, Sulhdcs are likdy to occur in mjitsliknd deposits and may be abun¬ 
dant in coal and assi^ktcd strata. Oxidation pn^du-cts dcrh'cd from tlieni c::aii 
move into nearby beds and discolor sandstortci that might otherw ise sliow^ no 
change. 

Description of Colors 

Because color is one of the important distinguishing qualities of sediments 
and rocks^ i± deser\^es earcfnl cemsidcradon and acematE description- Ran- 
dotti estaminaLion of only a ftm' stratigraphic publications, liosvevefp fiimislics 
ample evidence that colors arc rarely observed or recorded ad«|iiatdy. Must 
dcacriptloiLT are presented iti such broad and relative terms that no iiioie than 
4 general idea of color is conveyed^ aud all too tom manly even tlib is inac- 
(mrate ot misleading. For example, the "blue shale ‘ mentioned by many 
geologists js nonexistent. 

P!acb person of necessity' fudges colois in terms of his own pciccptiou. Hiis 
is not llie same for cvery^oue and some arc color blind in xmioiis degrees. 
Even at^iohg persons with ''nomjar' vision some are supcrseiisitive ta certain 
color difTeieiices. “^nie percqition of an individual also varies dc|jcnding 
tipi>n quality, intensity, and source of light and upon baekgjDuud colors, tti 
addiHon^ psychic factois undoubtedly are involved both m the pen:q>tian of 
color, which probably vmies from time to time, and in the identiScaborn and 
remembrance of colors. There can be small woiider, tJicrefore, that determi¬ 
nation of the color of a n>ck OTSediu^ent is difficult and its description bv one 
person maybe unsatisfactory loanother. 

All colors have tw^o qii^liticSp one defined in terms of wwve length of light, 
which is die hue, and mother dcfitierl ui ternis of inlciijiiEy. or light and dari^ 
which is the shade or tint Tlie .^ccoud has twu CTOmponcnh r fl) the lebtive 
ammuit of light reflected by an object and (2) the tebtive amount of color 
not balanced to form white light. The actuid cobts of most objech are mote 
or less complex niktints of difldrent hues in differtmt diadcs [see Figure SOL 
Altbougit the humaji eye can make compi^risons and distingui^ili miimte dif^ 
fcrcnccs in colors* it is mrapable of analyzing them or accuialely measuring 
either of Uieir qualities. 
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Tfic bflaitc compidity af colors is be>'ond the power tii any language to 
describe. CoJdts art chiimcterizcd bn^adlv as three primaries Wue; ydlow^ 
mid Tcdt and three iiitctmediatcs, ptnple, gt^eu. and orange. These sia hues 
inteigradc and each covers a caiisidcrahic segment of \ht spcctnim. They 


HUE 



Yellow 



Orange 




IKTENSITY 
-m — ^ Re fleeted— 

-e—Absorbed—^ 




Pole 


BRILLIANCE 


^ Balonced^— >- 

WHJT£ 

-*—Unhfl lanced 
HUC 



Bright 


RESULT 



Rgurri SOL DSagrom ihowing th» fflIfifTfliTTi a^ tfi# •I*- 
Btefiti of iSgibf which demnnine color in aadlminti ond 
rockL (Adopted hum XiTnins, 194S. J, vat. S4. 

p. 144, fig- S'-il 


have 110 shade distinctiotis. Tlicy arc supplemented br ^ large Jimnhcr of tni' 
w^tEmatized coIoes thal are tkitltt of lioa luimctl from flowers, tnttimls. 
and other substances, such as violet* ocher, diowlate, and caimiiie. I'uitiicr 
dktinctioa is indicated by adjetlis'iil nnxtification, for example, bright put- 
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plcp dart red* bluisJi gTa\\ yellow osiiige* and olive green. In "spite of all re* 
fiueiiients. howevefr, tno^t of these colors arc indcfinitdv limited and they 
cannot be defined except Uy cornpari.von with each other. 

■^'arioiis systems have been devised ro distingoish colors more precisel). 
One designed for use by geologists is modified and simplified trem the itiorc 
comprEhensjve Muiisell syT^tem. It is presented iii the form at i chart com¬ 
posed of color samples mtended for direct comparison with meVs, TIic ^m- 
ples are arranged sy'steiiiatirallv according to hues and siiadcs and arc identi¬ 
fied by JMnies and by fuminlas consisting of nimtber) and tetterv. Cnlois not 
tcpicseiitcd on the diarl be rcaigniied iind identified by interpolation. 
This chart provides thetneam for attaining prcchiern and nnifoimity in color 
designation Untortunately its obvious merits and usefulness seein to be out¬ 
weighed bv the necessity of Icccptng it continuously at hand for eoniparison 
ajid the mmbcrsnmc nature of its names and formulas, that arc very diBSenlt 
to rcmcmbcf withemt extensive and continuous practice. Jt liut l>ccn little 
used, and there seems to be slight prosped: of its geneml adopiicm h) gcolo- 
gists. 

llic reception aceorded to the eolnr chart has been CDa-sidered bv some as 
a disappointing failimc to achieve miich-ncedcd reform in color identifica- 
tjotL Even tluuigh geologists mav ne;t desire to adopt its systein* this cliart js 
worthy of study because of its contribution to the closer observatjon and bet¬ 
ter luiderstanding of rock colors. CIosct attention to ciilor is desirable but h 
(SO guarantee of the development of better nDmenelature. One geologist \\f>o 
e^ideiiily became interest?;^ in detailed color di-scTidUTUitisTn described gmy.ii. 
;as .%TiwkCf nrfntfrtd, and mnfedt^dle and biowiis uv ’WYjiKf, 

multfgd, and ffvid. Precision liere was Iosif because clisUnctions between tlic$e 
tenijs aix incompTuhenslble to others. Quite endenlly; close attention to cot 
nrs inust be supplemented by a carcftdh graded and generally recognizable 
svstciii of descriptive names 

.\ piD€tiahlc and imdeoitaiidable .system of rock color designshons can be 
devised using only a few cotnmoii wtjrds Tlie basic ones are brnwop 
greenp and red in this order of iinparlance. AlmcKt ail sedunent^ and tocLv 
can be into one cn another of these categories. Black and white art 

cxiTcniep of the gmv setiej and mpiirc no mfidificatLOiL All -others tan be 
modified in tetnis of hues and graded as to shade. Thus faiily restrictive dcs- 
ignatioiis such as tight bluish griiy, mt^dium ydlmvish brouTi* and ven' dtirft 
fmrfithli Ted can be built up that arc subject to minimum misintcrprctataon. 
A few otlier adjEctives mav be useful in combiniirion—cjhve green or elnxO' 
bte brown—hetanst thev call lo mind colors lhat arc familiar to all. Textiii 
like tti/f, i^in, driib, and rmirtjun are not nearly $q explieil and geneially 
ihould be ;!voided. ITib sidtm pmvidia abimt fift} rtadily uiidmlood color 
designations and is luudi $.upeiior to the prevalent haphazard and nucritica] 
iLsc uf mostcoluf teims. 
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In ns rommoti tUJige. scdinicirt is the tenn For finely dividecl folid omterial 
that has settled from juspensibn in A liquid- In gctjlogv, this meaiuug is ei- 
tended to indude all solid materral of both minetal and organic nature that 
fl ) is iiv suspEnsion, (Z) is being transported, or 1 ?) Iws been moved by any 
means from its site of origin and has come to rest upon the surface of tJjc 
earth dtlier above nr below sea IcstL Most sediment passes Llirougti a cycle 
tiiat im’Olits (1) foraiation, (Z) transportation, and (3) deposition- 

FORMATION OF SEDIMENTS 

Tlie great bulh of all sedimeul has been produced by the decompositioti of 
mchs. This involves tw'o processes, chtitiical wealbering and mechanicid 
dtsintegralion. Commonly the processes operate togetlier but, depending 
npnn local conditions and circumstances, eitlrei may prcdaniimte, IF rmc 
pinccss has been dominant, the resulting sediment possesses disttiigiiishing 
niincialogic characters that are readily nreogni^ed- 

Chemical Weathering 

Cheiuica] wcathcrnig is accomplished by the action of carbon dioxide, 
water,and nvygen upon the unstable orinsdtiicnhs of rocks- If dined to emu- 
plebuti, it rtsiilfs in tlic production of stable sulrsbriiccs- Tliercafter these 
may pass throngli one or mote subsequent cycles of ciosioti, transporhition, 
and depositbii with little or no further chemical change. Insofar as scdintei)- 
tary rocks consist of stable uiiiscrals. they are not subject to further weather' 
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ing- chemical feathering frju ii£>t completed and $cdmrs^ts e:on- 

tain unstable minerals denved frnin parent Toebt wcafhcniig niay ennhnne 
until ouly stable substances reinaiiL An iuiportont aniOiiiit of chcTDical 
ueatLmtig tiiay be acetimplished uliile mioeral matter is serfiment in the 
cniiT^c uf tran^pfjrhiiioii. MetainorpTiic: alteration of sedimentary’ mcks can 
prcvliicc TTtiniTah thal are uiLstable under atnirisphcric conditions and are 
again stThfect toclieinical weutbeiiiig hi another ejrlc. 

Chemical wcafhcnring is a priXTO^ that h cHaraetcriiitie of tlie land AJ- 
thoiigh there seems to be no leasou fvhj ^ome compnrJbk wealhcring should 
not occur beneath the co\'e:r at water, subaqueous chemieql weathering dos 
not appear to be iuiportani and h is verv rarely noted. Probably tins is 
Ljii^ I 1) most iusccjibblt rock is butieiJ and piutected. beneath sedimeuLary 
Jeposih, i2 ] if flucli Totl is dposed methanical abrasion is likely U> exceed 
oliL'iiiical decompcKfitiEixii mni there is little or no downward circuJatlOii 
of water witbm yuhmerged rocks nr sediment bo facilitate tlie necessary le 
iiciviil of smulf am mints uf carbdti dioxide and osy'geii that can act upon 
tliciu. 

Chciiiicat wcatficring, tike al! chemical activity, is pmmoEcd by elevated 
tcjiiperature, ond ihC presents i}F tiiob-tuie is necessary- for its cfficieiil actirni. 
1'lit ref ore, the pmccis is niore tapjJ and inipjrtaiit in warm legioiis l!iau in 
eooJp at ]fjw altitudes and latitudes tlmi at liigh, and in liuiiiid regioiLS rather 
I bun in di\. ^^eTy little diemkul w^caiheriiig is acttmiplislied in arctic icgions, 
high MinmitainSj and dci^CTt^i, even in those dcseiti located in the ttopici. 

Corbrjmitioir 

Cliciiiical reactions iiivolving carbon dioxide are amon^ the most inipor- 
tant m nature. Ibef urc involved in almost all biologic activjti and, together 
with Imlratioin aic the ptnicjpaf ojies responsible for rock wcaLliemig. TIic 
iicb'on of tarbnu dioxide cm die camplex .silicates of rocte, mulnly feldspars 
and ferromtiguesiaii minerals, produces carboruites of the alkidi and alkaline 
earth iiictak that are soluble and easily removed. Moist of these caibnuaieif 
uit earned in scjlution to the sca. 

CirboJi dioxide probably wd^ ejoc of the most important con^ititucuts of 
the earthoaify atmu^phere. Dutmg all past ages, however, it has been re^ 
nimed and locked up ni deposits f)f limestone and dolomite. Since life first 
appeared* carUu! deiivtxl lintii atrnoiplieric carbon dioxide lias foimed or¬ 
ganic ct3inponnd.v large quantities Ejf which have htcu bn tied iu llie 
uicnti. Bolli of rlicsc have sensed tw deplete atniKplicric caitjou 

chuxide: w^re it nnt for renew a] Ifom volcauic soiircess the supply piubably 
would have Ijceu L'xhausted long ago 

Some uicasurc of the qiunlstv of carbem dioxide removed f[nm the atuiosr 
plicTC may Ih.' obtaiiied bv considering the amoimts of enrbonaCe rocks mitf 
OT^^uic matter Hull Lave been formed and preserved. Thus caibonates in 
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limestone^ and otLer sedimcntsTi jodfiS have hcen estiniiiteiJ to 

conLadtj 1 ?^^^hXI 10 Hmes die caiboii dio^ndc now present in the at¬ 

mosphere, ^\lsci the carbon in coal deposits nnd othi'r organ, ie scdmietits re- 
qiiir^ up to iO^MXl dines the pitsent aniDiiut of atmospheric carbtm dioxide 
for iti production, lliii seggests that carbon dbiide in the atmosphere 
renewed about every lOOjOGO teets^ 

At present carbon diositie occurs in the utmospheie to the eactent of about 
? pirts iij !OtO(M 3, and Jibont 50 times as mvich is dis?M3lved in sea water. Since 
at least die beginning of the I^aleozoic Er^. a rough balance of about dicsc 
amounts probably has been mrsititaijied between carbon dioxide remoicd 
from the atuiospbere and fica water and new^ carbon dinxidc ^ddfd to tlicm. 
Ructuations and tenipoiarp- increases, lesulting from epochs frf ciccptrEinally 
great volcanic activity that occiiTred inlemiittaidy in the pisit, possibly ac^ 
cennt for the large aiimnnts of limestone that were deposited during ^ch 
periods as the Ordovrciaii^ the MississippiaUt and the Cretaceous. If this is 
the reason, two stages probably occurred. increasKi carbon dioxide m 
the aliuDsplierc rosnUed in more rapid W'eatbcriiig of igneous mcks. Also, 
with increased partial pciCSSureT more caibon dioxide dissolved in $ea water, 
bicatbciiiate ion coiiccntcitiDn rojie^ and larger amouul.s of lime wete held in 
solution. Seoand, as the supply of new carbon diosidc dtscreasetl^ dhsolvcd 
carbon dioxide passed back into the atTiio.sphert and excess lime was pre- 
ttpitated or became more readily avaibble for use hy organisms which 
caused its predpitation. Man's industml activity has now upset the balance 
of nature to Mine ractent. The rcEtim of carbon dio.xjde produced by tlie 
combustimi of fossil Eueb would double the amount present in the atmos- 
phoe in less Heiit 500 years if it all accumulated there, 

'Fhe chemical weatlieriug of tmtallinc lodb^ involving the caiboiiafiDu of 
lime and magnesia derh^ from them^ results in an inerdave in the mass of 
lolid material that is first removed in solution and later deposited as sedL 
If rent. Tisc new rocks foimod in this w'ay, the hmcstoncs and the dotnmitcs* 
consist of uiateria] that about 55 percent derived from weathered older 
rocks and the remaining 45 potent b caibou dioxide contributed by the at- 
tnospbeic. Tills mcani that in the devdopment of the ctJmmon ciitbcmatc 
rcxiksan incicaseof appmximutely 80 percent in both weight and volume has 
occuned, 

Nydmfton 

HydratEun miivcttx the imsbtble aluminum sOJcatcs of cry^talUnc rocks to 
day. It is a coniplot proce^ dial acts cm complex cimiixmuds;^ mainly feld¬ 
spar and fetiuJiiagticsjLUi luhieiab, and prudiiccs a variety' of complex clays. 
This EcactiotL accompames caihanatimi and in simpljliod form can be repre- 
scuted thki&i 
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2Al(Na, SilSijO, 4- 2Alf Cs^ Ar)SuO, + ’JCO- + 61LO = 
allTite aiinrthhc 

Na,CO, + ZGaCO, + (OH 4 + 4StOj 

kaolinitr 

Dqjcnding upon tlie land of silicafe luinerals attiiL-ked and the kind of 
clav mincials piuduced. tlie hydmtion of aliiminUTn silicates tesulta in muss 
and vohlrne increases tajiging from about 10 to 35 percent and pmbably 
averages about 20 pcreenl- ITie production ot all sediments by chemical 
vseadicriug. involving both carbonuHon and liydration, probably results 111 
total mass increase of about 25 percenL Silica ocemring as quartz is unaf¬ 
fected, and some iveathmug products remain in solution iu die sea. 

Oiidffl/on 

ii by far die most coininon clement at and near the surface of the 
earth" tt constitutes about lialf Of all rocks available to observjtiou. S'? per¬ 
cent of water, and 21 percent of the earth's atmosphere. Free oxygen prob¬ 
ably was not an oTiginnl ciinstituent of the atmosphere but was produced hy 
die decomposition of writer rapor, 4t first through ibe aefion of ultraviulet 
light and later more inipoTtantly by the pbotosynthch'c action of plantf. 
S true tines believed to record the itxistcnce of simple phnts like algiie have 
been found hi very ancieut rocks, dating back 2 billiou j'cais or luore before 
the beginning of Paleo/Jiic Era, Tlic fossil record suggests that the com¬ 
position of tht earth’s atotosphere has not dianged importantly since at least 
the beginning of Palcos'oit time, and free iwygeii, uecessan' for the re.spira¬ 
tion of animals, undoubtedly was present in lire atmospliere mncli cariicr. 
Perhaps die amount of free oxygen in the air is a rough nieasure of the tm- 
oxidized caibon cemlamed in living oTganisms and the much greater qnantity 
prcservrsl in organic matter bimed in the scdimeiits and rocks. 

Altlioiigli oxygen is the most cbemicaTly active ingredient of the atmos¬ 
phere, it is Tclalivcly uniinporhmt as a strictly geologic agent. Its chief role is 
in biologic pTt>C«ssfls.T1ius it is essential tometaboUnn luit plays tinly 2 small 
part m the weathering of moat rocks. Were It otherwise, lire atuoiml of 
oxygen in the atmosphere would be much less. 

As 2 geologic agent, oxygen is concerned chiefly witli the oxiilatiun of 
some «f the raium dements that arc present in the rocks in a reducer! con- 
ditioiL Tire must iiniiortant of these is iron, more than lialf of w hich oocura 
ill rocks in the ferrous state. Oxidation to ferric iron involves a mass increase 
of 22 percent. Hie anioimt of fenous irnii, liowcicr, constitutes less than 3 
percent of all surface tocli. This increase, thcieftire, is rregiigibic qiutntila- 
tively in comparison to that resulting from carbotiatidn aud Kydrutioii, Next, 
but much less imjioitant quantitatively, is sulfur. Oxidation fium snitide to 
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sulfate, and iiEutralmHcm of thv sulfuric acid I hat fnmicrd. results lp in- 
ctc£L 5 e III 1114ILS1 of wild materia] nmging frcin^ about 15 to 2? petmit dcpcod- 
lUg nptni tiicTTTTnfral^ involved. 

Medianicol Disintegration 

Incomplete cheniicaI weatheriiigp 01 tlie decomposition of unstable miner¬ 
als that exist only as minor couslituetil^. weakens rock, making it siiscqitihle 
lo mediaIILcal disuitegrarion and fileilitating its enisioir Sedimentsrv mckt 
that consist, vvliully of stable mm era is, Imwcvcr, are subject only lu nicchaiii- 
caJ disintcgnitH'm* Foi this icason, some sediuienLaiy* rocks like limeslonc 
under favorable climatic and tapo^aphic condilioti;^ arc tnore re^tant to 
crus ion thnn miidi hat dtr tocks like gmtiitc. Thus in some parts of the trop]t?s 
where chemical weathering lx rdativel)' very rdpid, limestrmes are tikdy to 
fonn the most conspicuous topogniphic pioiiiiniiices. yuartiitc jsj tlie most 
rcsisiani. of all rocks. Otlicr sediiTurntaiy rocks ordiimidy are porOus and less 
wcU consolidated and they yield to inEclLanjcal disini^^^afkm much more 
readily In hnniid climalesi}, limestone may dissolve ruore mpidfy thim other 
sedimentary nicks disintegrate. 

Methanitul divintc^raticjn of rocks tliat also arc suicccptilde to chemical 
wcafhcTTTi^ is likeh to prevail in cool climates ratlicr than in wnrm. at lu^li 
altitudes and ktihidcs rnither than at low, and ui regions that arc relatixclv 
drj’ lathcT than humid. For this reason geographic concJrtiuiLs gci^Leralh eicrl 
inverse inRnences Upon nicchsnical (lisiiLLegraLion and tlicmicai ivcathcring. 
Titis, however, is not entirely the case so fat as solution is couccriicd l>ecause 
obviously atilntiun is promoted by humid cenditium. 

Afcrawtui 

ITjc most geiieraJIy effective agent of methaiiical disinltgintion is the 
:ibradvc actinii of sediment in tnni&it^ wJiilIi cupablc of wtiring away the 
hardest nick. .Abrasion also affetts the sefliuicnl itself and sedimontary par^ 
tides aic worn In siiiallt^ and smullcr ikc.s, Tltc cffcctii'enes^ of qbia-sion de- 
pendH npjii f I ) liardnc^j and coln^iveness of the rock, [1 \ liardncs^. si:«c^ 
and abnndanccof the scdmicnt. I >) speed of riariHportatiou, and (41 tratrs- 
porting medium. 

't*he resistance of rocks to abrasion docM unt dq>cnd smiplv on llie hard¬ 
ness and loughntss of ihcn lumetals. Some TOL’k!! cornjKJscd cif resiftanr min- 
crals arc biriy caiily dlsintcguitcd became ihuir grains are nut Hgliily hound 
together. Unis pjicius ^ud^loue or insist lug of mbbiit siiiarty is ni we easily 
eindtd than cvseiiiialty iionfiotinii iinLCi;ttmc v^boric mitch fioffer calcitc 
giairis are tlim:ly interlocked. Ncmptitniis igncturs nnd mctamorplric rocks 
ccmiposed nf rcbtiielv hard iniuetul!^ aje most rc^ststant to Lihr.ision and also 
gcnerafly tu other hpcs oE mechanical disintegration. l ire mmt easily cnKlcd 
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of all locis are nkiles and -mndstnnes ccmtaining importiint piTiportioiui of 
soft clay mnieoiL«. 

'ITie effectiveness of abrasion is dependent upon the tools a\'aibble: the 
moving sedimentary paiticies. Clear water flowing cuvcr bare rock is almost 
wlirdh ineffective, and nltrasion increases witli the amount of sediment liiat 
15. trattN|ioite<L Hard and large KdJmcntary' particles, nf conise, are llie niost 
efficient agents of uhTastuu but laigr particle wear away mure rapidly tlran 
small ones. 

The Cnergv required to acCOiupiish abrasirm bptovided h\ the movement 
of lie mcdiiiiii that transports sediment, Therefore, with equal quantities 
and kinds of vediinent, effectivctiis.s increases witli the speed. Also Uic speed 
of movement detetiiiiiics tUt quantity of sedinieni Lliat t-Jn be Iraiisportcd 
bv wind urwiiten with grcatci vpeed ihe effectiveness of abrosjoti may lie in- 
cttHicd stil I more. 

Tlie three maior transporting niedLi, Jiii. water, atrd tee, differ importantlv 
in their influence on abrasion. Air transport is potentially most efficient in its 
sand-blast action birt it rs liriiitcd to arid rcgifjns; lyrrlinary w'inds are not ca¬ 
pable of moving particles of larger size ttian sand. W.itcr-bonie sediment is 
mudi more geuccallv dTcetivc, It iiicltidcs particles of greater size ranging in 
some crreuiiirLinccs up to buuldeis. This sediment, however, comuionly 
moves <tt less velucitv thin wind-bo me material. Also it bears adsorbed water 
films which, on the sarub and nitt-iized particles, act aRcu.sliions and lessen tlie 
effectiveness of iiniKict. Clni.-ial ict is capable of mnviilg cnominii] blocks of 
rock, hut TTiovenient is very slow and abrasion i.v aecrrmplished by griiiditig 
under a ctinsitlcrabk weighi of ice ratlici than by impact, Tliis greatly m- 
tTcaics the ettLCiiveiicss td glacial abrasion. 

Fmsf j^fjoii 

Water fleering iit flic trjcks and pores of rocks exerts ptmerfiil expaiiMvc 
fntix tlinl, if tciJeabcd many times, is capable of diifntegratmg the liardcst 
nick, .\luicisr .rll vcdimciitaty rtxiks arc porom in stioic degree and they are 
separated into iaycis by bedding planci. VUiamtirpliic mefcs generally pos¬ 
sess iomc tvpcof sebistositv or pknes of shcarmg, along wbicb paritug is likelv 
to ucciir. Igocuus Tficks commonly are cut by fractures formed m response to 
vtram.s set up during tiicir periods of cooling. .\tso iiii>$t rocks at and near tlie 
viufiiccarc litokcu i)y joints produced by more nr less gentle Wiipiiig or fold¬ 
ing, All fif these [irovEde jvtiinv^ for tbe enhance uf water. Freezing enlarges 
and extends them. 

Disintegration of rocks by host actitm can neem, (if couisc, nub in areas 
subject to freezing tcmjxnatores, Fhe iitooess is tint active in tlit ttupics ex¬ 
cept at high altitudes. Tt is. hovvever, iniporlant in temperate regions and 
tliose parts of Hic arctic that arc not permanently frozen. The action is Con¬ 
fined tu a lUTTow' surface kiyer only □ few feet fliick. In many regions it b 
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sitppleniented by growth of the mills of pknts Jhat enter in the rr>ci 

and serve tn vti!dge and hold them open. 

rfteTTmrl 

Altemjjtc etpansirm iind contractfoji of rock, resulting fnjm healing by n- 
pesure to bnglit sunlight during the dar and cooling of at night* ict up 
that may came spaJihig off of surface chips or layeis. This is most ef^ 
fective in dense nonporous rock. It is restricted to surfaces of actual exposure 
because even a thin covering of $ni! or disintegrated material sen-cs as protet- 
hive insulation. Tliermal acHirn of this sort i$ not libriy to be important ex¬ 
cept iu arid r^ioits or areas of high topognipbk idief where irUense illmnj' 
natioo is gcucEul and hare rock suifuces aie actmsi^’e. 

Sedufron 

Solution b a process that possesses both phjskal 3nd chemical attributes 
but its effects arc mainh' phs^sicaL Although it is very important m the disin^ 
tEgration and ranioval of many ^edmentary rocks, tlic artion nf inlntiou 
alntie op [uefaniorpfaic and igneous rocl^ generally is ncgligibic. h i% how¬ 
ever, tlit principal means of liTiiestctnc destnictim. Calciimi and 
carbonates arediisolycd and rmiovctl in solution leasing admixed rtisoIubJc 
material behind as lesiduiil wil, Sointinn acting an cementing minerah, 
mainly caldte. also weakens granular rock like sandstone, which thereafter is 
moTt Tcadily disintegrated by freezing or by solar heating and ts more easily 
woni aw-uy by abrasive action. Solution, of course; is most effective in humid 
u^iq^s- It may cotifimie to considerable depths below* the surface at lea:St as 
hf as groimd watci b m slaw drculatioiu 

Orgonic Sediments 

Organic sediments differ from detrita) sediments because they arc not de¬ 
rived dricLilv from eitlier chemically withered or meclianically dbmtegratcd 
mcks. Two types cau be distinguished: (IT ^^diments, niaiuly calcium cai- 
bonate. derived fitiui mineral substances transported trt solution and tc^ 
moved thcrcfjrmi generally by organic actian^ and f Z) more properly organic 
substances- derived horn the tissue of planb and inimab tlral accumulate 
essentially iu pkee or are tniusported in snspeniion likeotlitr sediments, 

Citrimnrrfci 

Carbonate deposits constitute one of the most important kinds of $edi- 
incntaw met. The niiuenil uiatter of which they are composed was prodnetff 
by (1) the chemical w’cathcring of nnrfaWc minerals mosUy in ^icous and 
wmc mctaniOTphic rocks, and f 2) the sahition of dtlicr previouijy tiiuring 
tarbemate depewits of rimilar type or carlxma^ tmltfijil diipersed ra other 
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kinds of sediment or jeditiientaiy rock. This iiuterial was tratisported in solu¬ 
tion, precipitated by one meatis or aootber, then gcocially moverl as sedi¬ 
ment for a shoit distance and deposited. Carbonate sediment other than 
gravel, produced bv mechanical disintcgraiioi! of limestone or dolomite on 
land, transported aiiy appreciable distance and redeposited is very rare. 

The chemical system cornicctmg carbon dioxide in the atmosphere and 
precipitated calriiim carbonate is complicalcd- Caibi^n dioside occurs in 
(1) the molecular slate, gaserjilS and dissoh-ed, (2) carbonic acid, f 3 1 car¬ 
bonate and bicarbonate anions, fd) dissolved salts such as caltium carbon¬ 
ate and bicarbonate^ (^ 1 precipitated calchmi embemptc, and f6) or^nic 
componnds. I’he carbon dioxide in all of these states is connected fay leveis- 
ible reactions and a change at one point in the system affects the equilibiiu 
in most of its other parts, llie follow iiig equations represent the carbon di¬ 
oxide sj 3 tcoi in a simplified form: 


COj, (atmosphereI 



HjCOj ^ 21J ♦ + CQj~ (sniutimi) 

II 

Ca** -I- CO^^ CaCOji (soluUoi]) 
Cal^Oj (precipitated} 


Mrjst limcstDUCB consist of variable proportions of recognizable, more or 
les* frjgmtntfd rtaiiniiis of sLctk, other ejicareous hard parts secreted by or¬ 
ganisms, and iTVsIallinc ccineiit or very finely divided calcium carbonate of 
indetenninate migtn. Some of the fine mattiial is organic debris hroketi 
down by was-c turbulence in stiallow water or by the actiem of scavenging 
aiiimalsi Some probably w.TS precipitated in finely mTstallinc form by algae, 
and per1iai« by bacteria, that eatiacted tatbon dioxide from solution iheteby 
reducing Ihc solubility of calcium carbonate in nearby water. Some possibly 
wholly inorganically. lT.ie coostituents of limestone, 
lliercftnc, are sedimenti i>f varied origin and ciyslalliuc cement. Hus ts true 
except for parts of rigid structures like reefs that wicre built by fiimly attached 
organisms growing in place and caiuiot prtrpcrly be considered seriinieutary. 

Calcareous sediments generally were not tiauspirrled for more tliau mod¬ 
erate distances. Many were dquisited close to the plaices where they origi¬ 
nated. Most sej water, except in very shallow' and svarm areas, is not cotu- 
plctjely iaiinutcd w'llh calcium carbonate and at least the smaller particles 
probably are icdrtsohed before they can be carried far. 

Dolomites had origius sinuhu to those of limestones and consist of similar 
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inat€tiiiL Most of ihmi owe their ma^nesisin cliiinictci to cLemkai rq^Iacc- 
n^eiit after ttie deposition of oilgilialkcalcaicotis niiiteriaL 

So^aJkd deposits as gypsiim and nx:^ salt were produced 

cry-sbllinc precipilatcs by physical ratbei than by biotugic proccsics. Sedi- 
menh of this kmd rarely were moved ain .rppixx'bble distance hom the 
places where they were pie^ipitated* 

0;gdntc Comfwunds 

Organic illbs^a^ccs. denved horn the partial decay of pbnt or aniinaJ tis¬ 
sues* uw, be iiiEportant cunstitaents ot fiedttJient lu situations wlierc they arc 
not subk^-1 to osidaiioiL Two gcncnil lyp^ dio be dislinguislied! f 1J car- 
Ixmaccoo'i—^roHd hhek uonvolatilc niatler related tn coaJ—and t l\ lutu- 
minoiis^ com^bting of more or less liquid and vnlatile bytlrnncjiTbinis [dined 
to pctrulcntn. All otg^anje mattei contained m sedimenb and scdimctit^uy 
rocks, however, h notsbictlj sedimentary. 

^^toie or less rnaccrated pisnt debris is readily Iran spirted as scdimtait. 
Partial decay may have resulted in caTbanispatiou Ixforc the mutcnal was 
tmisported or nfta: deposiLiou. Non-marine sttnrji con la in very little or¬ 

ganic matter derived froiii aiiiaiali and, thcjxfort-, plant luateml identi¬ 
fied ill tlicni most easily. Cm] h an onht^nding irtaniple altbough an im- 
portaiit prt of mmi coal beds moved little if at iU fmin jti place of nrigiii. 
Much of this carbonaceous materinl derived hmn die degradehon of 
lignin* a constituent of woody pknt stnictures that ii rebtively tcsistartt to 
decay. Carbonized plant remains otcin m main' kinds of non-inanne sirala 
of Caibonifennwi and later agts. 

Tlie derivalion of lucal carbonaceous niateiial in mart tie strata is unccr- 
tjiin because geiieally it ocieim in sntU a finely divided stuie tbiit jts original 
nature cannot lie dctcnniiietl. Some land pknt debris b cank-d to [Ijc sea 
and dcpcftilc^i witli detrital sediment hnl probiblv ninst carboiiaettnii twA- 
terial in miirinc strata origuiatcd locally. Iti some arcjs and at sinnc tniit^t 
weeds jirohiihlj were the pnnci}Ml soiirtt but mostly perhap'. this rnatcnal 
consists of the remains of pkiTiktoiiie ojgamsms, both plant and aiibnal, that 
died and ?atik Eo Uie bottum. In the marine environment carbonaceous ma¬ 
terial coiiunoiily is preserved in iniportaitr amoimts only in iimd and nudej 
conditipii:? where orygen ts defickuL or dcpositkiD of dctrital seditiient is 
tdativdy rapid (see I'lgme '51). Reducing cOnebtinm onbiiarih luctrr close 
below the mrfaLC of mud bottoms and, once it is buried, oigauk iiiiitcrial is 
likely to escaiiccomplsdc decay. 

Carbonaceous niateriiil ts a residue tlmt Ttriuiu^ after viirioiis mmre or less 
mobile ci>nipoands^ pioduccd during the decomposition of mganic matter 
in m o?ti gen<leficient envirtmmcnt, have movCil aw-av. Methane for c3e- 
anipttL evolves and escaped uikIct ordjiiury cunditious. Under others, I uglier 
and more cemiplex bitUiniiiMus hydroCLirtxiTs'< are pnxIucctL raft uf tbi^ 
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process may occtii before or^4iiic rantcrijl is buried, uiid soinc of the products 
fotmed luav be adsorbed on the surfaces of sedimctitaiy p;irriLilc5 and travel 
with tliem.Mostlv, liowever, llie process appears to operate fn buried tiia- 
tcrial', and a separation of residue iind mobile products is effr^ted fj\ snbse- 
queiit bydiaidic movement. I .arte quantities of bitiuiiiiious eonipotmds. like 
petinlcijm, have migrated and jccuiiiuinted at liKUlttie^ uiiil in itriitj moic or 
less distant from their plare of otigiii. .Mthouuh siith nutem] is of sc-diiiicr- 



Fiflurt 51. Mqp sbowuig raliotions in ih« organic conl«nf ot modarn udi^rtann in 1h« 
naftbwEyorn pDri of t+in Gatf of Mexico. Tile (trealest concentfariim of df^onlc «nnttef 
occuo In fine Bedimenf dose lo or juit beyond ihn edge rH the eonlineninl sTioif, Compare 
wilh Rgare 2) t, p. 544i tAher fiiclmrds. 1957, G*ol, Soc- Ajnar., Mem. 67, «sf. I, p. 216, 
10J 


tary ilmvation, it is not pjo|jeih of tJie sediment w hac it iiiiw occurs Ik 
cause its toriiiatiou and iriovenjcnt ss'ere rot piirt of the oidiuaty scdnueiitary 

rlie maiinci m svtxidi liquid bituuiiTiuns lijdrocarbons arc formed ia not 
undentr^Ht. J’ho are not produced lu impoitant qpianrilics by the decom- 
iKisitioTi of all lu^Jiik maltei. Tlicrt is lm evidence, for csamplc. that coat 
and pcfnilemn are closely rcUtCvi because most cOaMiciniie strata are defi¬ 
cient in iietrnleum Jiiil niluJi pctitdcuiii originated m r<xks ihut contain no 
coal. Most pctToleuiii appear-^ to have been dfiived Fnirn otgjinic imitttr Je- 
positLtl HI inaniic mud. fiom which it uns cxpclIcsJ by comiiatlinn of the 
sedimeiiL SimihiT material originating in liuiestoiic gciieratly lias uol mi- 
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Kavc a 

dead cnganljjn^ to ibe organic maiter oontatued in consolidated tocIes are ex- 


grated to a stmibt extent, and tnfloy limestones when freshly liToken 
fetid odor that indicates the presence of volatile bituminous material. 
AltoECther the chemical processes involved tn the cnnvcrsiDn of 


CO**HaO 

I 

photosynthesis 

• energy 

i 

ORGANIC MATTER 



COAL OIL GAS 


figure 52. Dfasram progmilv* Tn the 

by lyhich cnrbdn diouiidfr hi itid atmoiphara or 
diualml \r\ woler hm b™i xxaimtifd to rba ffUMl Umh. 


ccodingly complex. Generally tliey include first several organic stages related 
to animal metabolism and bacterial decay and later dynamic professes re- 
sultiog from the actiou of pressure and heat. Figoie 52 shows in simplified 
foTtii the progressive stages leading to the development of niineral fuels. Sim- 
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liar stages doubtless affect organic niattet occtimng 10 3 inotfi diffnifetl contlir 
lion in tlicsedstneiitsand (Ocb$. 

TRANSPORTATION OF SEDIMENTS 

Sediments ace transported s-aried distances mtiging froin iicgligihly small 
U* very gjeat- Tivus ^'Cgetable matmiil miy no tnora than settle beneath the 
water surface of a swamp where the plants grew whereas dust ftom a volcaiitc 
eruption or an atninic explosion may completely encircle the earth in the 
upper atmosphere before descending to lower levels. 

TTie movement of all sediment rt determined by the interplay of gravity 
and one or another of the tlrrce media aii, walci, and Lee. Gravity causes ma¬ 
terial to settle to a lower level hut a moving mediimi deflects settling fmm a 
straight downward course and it may completely overcome the force of grav¬ 
ity tor longer or shorter intervals of time and tljus lesiilt in traiiipoitatian. 
liie effectiveness of a moving medium depends upon its dtraiiy. v-iscosity, 
and speed. Material cart Led in irolntion is an controlled by It may be 

transported to any part of the nccair and remain in soluEion indefinitely. 

Most sediment moves in an irregubr and inter in ittcnt manuer. Tt may 
pass from the mfliienc* of one medium to that of anotliei several times be¬ 
fore it is deposited more ot less pemiaueiitly. 

By Finii’ing Weiier 

W'atex U by far fJic most important agent rcsponsiblc for the transporta¬ 
tion of sediiTicni, Distinction rmist be made, however, between tnmspmta- 
tioii in f 1 1 flnsviiig water, as in streams, and {2} stniidiiig water, OS in ponds, 
the sea. ‘the diffeiencCi thai diaiojcterizc water in these two states 
arc dcteniiined by the reljitive importance of ( 11 flowing, or the movement 
of water from place (o place, and turbulence, which docs no! necessarily 
involve such movement. 

Sediment is transported by flowing water either as bed load or in sus^ih 
sirm. 'Lliesc types of transportation intergrade, and sedimentary' particles 
that are jmtI of the bed load may pass more or less briefly into suspcn.sion hy 
saltation. In tliis process particles arc lifted from the bottom by upwardly di- 
rcctcti currents and uie carried foiward during the lime recpiired fur them to 
siiiV again, IhuJ they progress by a scries of intemrittent ft»ward hops. 

Bed load tnmspoitation is of tliree types that succeed each other as current 
vehitHty increases. At low velocities, individual particles roll or slide along a 
relativclv even bottom. Larger particles of sand and silt size are mur'cd some- 
whiit more easily than smaller ones beojose they’ offer larger surfaces to the 
presjure of flowing water (see Figure At higher velocities, nppics form 
and the movement of tndindual particits becomes rliytlnuic. alternating be¬ 
tween active and testing pliaso, Particles move up tire upstrom ripple sur- 
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face? and roll down the steepei d<j¥^"nstreain Mirfates, Dicrc tfitn^ art bttried 
by other pattkJcs and leuiain until the Tipple ha^ pmgn.%wl downshtani and 
they are itnco^'ered and ttiovr again. At stiTJ gmater ^-eliKitic^p ripples disap¬ 
pear and tfit ts'hofe mass nf bottom sediment mixed wflh u^tcr psiissts into 
flowing metu?n. Transiportation ol the bed load b accomplbhcd by forward 
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sediment size, mm. 


Figurs 53. CurVM Ehiauiilrt-g Ih* ftiolioni t>F mrQ%wn, tronsporEntrem^ arnJ d&po- 
of uulfonnly ±aFtiDd iedmionti d vprpOUl iim Ki tyrrpnl The v^Ipc^ 

pic» qr« indiccn^d Ker? occu|lYlng Q. bprtd:- Thit raiig« €f av^rogv 
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cutrent flow and is lilLle aifcctcd b^' wafer hjrbulcnttj. In most streams the 
l>cd load constitulei niily a sniah Fract-icJii of the Tuoiang sediment, hnt the 
proportion beconies greater in streamit witli rapirl fall such as thnse in thoiiii^ 
tALiious regions. 

Purticie^ nf all ^kes ranging tip to boulderr travel us tlie bed Jo^d of 
streams biif only the finer sediment is tTm^pnrttd rn suspeRsion. Diciie par¬ 
ticles arc Taifit:d from the both Jin and their stttlmg is delayed by turbulence 
whith is produced bv luciil and es'cr changuig eddies within the w^jter of a 
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strestn. LIp\vard-o>o%'irg iTjjTiints id tirrHiilcDt 'A’alei mujil be baUncci] hj 
doviiiwari] curieiits but. because saiimcnt amctaitiatiorr is greatest near the 
bcjtloiu, rising cuirents arc mote Iieasih laden and tbe\’ distribute particles 
to till Ict'ds (if a stream. Tlie aJiiouut and t naiseness of suspended sediment 
is detemtmed In tbe degree of tuibulenec, w inch increases wjtb currcnl- ve 
Incily and luiisl meicome the gravitationBl AettUng of tlic sedinient. Tlic set- 
tlmg velocity rtf particles dqpcudj upon their sire, shape, and tlimsity with 
respect tn the water mcdiuTii and the viseiisity of tlic water Kec Fignre 21, 
p. fHl. Settling vdocitie!: decrease mneh mott Ripidlv Ihnii particle sure; 
vtTV line sediment settles with esttemc slowness even in tmncpiit water. The 
tTJiuKportatioii of suspended sediiiicjit is of ccnirse accomplished bv the for¬ 
ward motion uf Uie stream. This sediment moves more rapidly than the bed 
load and tlins a separation of coarse and fine niatetiijJ may be effct teid. 

Tlu- triuispnrtjtion of vediiuciit by Hfiwing water getieralTy imijlves re¬ 
peated sctiurtiig or eronon of the Exittoin and tcm]Xiiaiy deposition of the 
eroded particles. Vlme energy, as measured by enrrent velncity. is ret|liired to 
erode sediment than to tmosport it after it has been put in motion, Tliis dif 
fcn.-ni:ial mcreascs rapidly with finer iind finer sediment. Also as the quantity 
ufsnsjjcijdcdniatcriLil uicreases. erosion oE imconsolidatcd sediment declines 
but siispeiisioii is maintained tuorc effeeLively. 

By i\/iii£sitetf/m 

Under simic uiiidltiotis rmicll sediment may be tirinsportcd in ma.s$ mined 
with wntef in a more or 1 ls> plastic or fluid rtinditum. Collciriveh such sedi¬ 
ment ill motion mav be clcaigimted mm/rtfream.v, nefwridiiig upon their 
phvTicat nature and iictioii, which is determined by their water content, 
miidstTcaiiis may be separated mto (Ij landslides, \ 1 } mud flows, and 
(? 1 turbiditv cinrcnts. Tlicre is no simrp divhion hetsveen these types. 

IjliidsiiJes dcv^elop wheti uiw.'Unsolirbted sediment or weathered mantle 
rncI-T lubricated Iw water sJiuiips dmvnW"4rJ midei the force of gravity, Tliey 
occur only on ninre or less steep (lopes where llie equilibiiiun of surface and 
ncar-snrfart- material has l>eeti distnrbial by crosinjiiil imdcreulfing, hy the 
absorption of unnsunl mioujils of water, as aftei pmteicied laim, or hy eartli- 
qiialic shocks. In landslides the matcrioJ moSTis mnstly along loeal shearing 
plauis, riiC amount uE moving matCTiaJ niay l>e great but the distance it 
traverses is likely to bt jmall. Landslides are of little importance m stratig¬ 
raphy esceptas ihev initrotc the transportatjon of sedimciiL TlifiT deposits 
arc rapid fv attucked hy creftioii anti rarely persist lor any apprecrahlr length 
of time, iaiidslidiiig is a procesi that with rare eaceptiems octuts ouh under 
subaerial canrlitinm. 

Mud flows dificr from landslides hi that more water is incoiporated in the 
sedimentary mass, which moves as a plastic solid or very viscous liquid rather 
than along shear planes, bindshdes are easily converted into mud flows if 
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jiiifficient ^'ater is available- Ttiicy develop both on land and Ixaicalii Ijodics 
of sbinding water. Aimcisl: all moving masses that begin as lancblidc^ m nib- 
sltniitioiis become mod Because mud flow's air mure mobile, 
they can mnvt on less steep slopes and fm greater distances diau landslides. 
Thu momcntmii tliey develop may c^tna carry them up small tripographic 
nscs. The iugh densitv' and vi^sity of mod mokes possible the tr^iris- 
portation of large blwks of rock on slopes tniich more gentle tlnm any on 
which these could move by gravitational foree aloric. Movement w if bin a 
mud flow uiix^ material thorougliiy so that when it comes to rest it is a very 
poorly sorted deposit. Some mbeiures of coarve and fine material identified as 
tillif t almost certainly were produced by mud tlirws. 

Turbidity currents art water curoeats so hc^\^^y laden with suspended 
scdfmCTit tliat their density causes tliem to flow' downward along a sloping 
bottom in j body of standing water. They are of two tjpes: j 1) tbosc deveb 
oping where a heavily loaded stream enters a body of standing water and 
(21 thrwe imgiiiaiiiig within a body of standing water as a result of slumping. 
Hie latter probably pass thiougb brief stages thal might be considered land¬ 
slides and mud fluwy. Ai more water becomes mked wUli it, the umd firm h 
conveitcd fnrrn a plajtic solid mass to a fluid cotiditLDii. 

Turbidity curients of the frrat type may transport large amounts of sedh 
ment over considerable peritrds i)f time (see Figure p, 107) whereas those 
of the scci^md type are irrcg^iWly intermittent but may be of huge propor- 
tioujh. Tlicsc currents can move w-iili great speed acmss very' gently sloping 
bottoms and iitider some conditions tlicy arc capable of ctosIoii. Tlieii mo¬ 
rn centum illf?vvT> tiicm to travel great dutanccs atid to some degm they can 
ascend opp<ising slopes. Density' slows the scttiiiig of larger sedimentary par^ 
tides and turbutcniit serves to keep these m suspension. “Hte dqiosits result- 
ing from turbidity cunents are diaractcmcd by graded bedding. Individnal 
strata are likely to be continuous throughout Urge areas. lythough no great 
ttirbiditv' currents have been obser^xd* conclusb'c evidence of Llieir mLst- 
ence appears to be provided by some sedimentary^ deposits and they arc be¬ 
lieved to be iniportant agents in Hie fiamportation of much sedimait to 
somtpoTtbnsof tiic deep-sea bottom situated Far from any land. 

In StartdirigWdf*?]' 

Currents ocenr in bodies of staiuling is-atcf, particularly the sea. generated 
by wiiids, tides, differenos m tempcratiire iutd salinrty, and other causes. 
■[Tiice types can be rccogniicd ^lat iidcract and modify each other: 
jl) steady horixonta! drift euntiits, ill intcrtiiittcnt tidal cunerib, and 
(»\ sloping convection currents. All of than may act upon hnttoni sedi¬ 
ments and transport stnpcmled nuteiial jiiisl as stream ciincub do. Cenei- 
ally, hosvevei. their velucities ate nmdi less tlian those of sttcami. ITieir 
bomidaicy canditioiis also are lea abrupt and, tlierefore, Its* turbiiJcnce is 
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cetieialed in Hieni. Unless tuibdenct is augmented in some way mdy 
fine ^nifinl cm be held in suspoisiop. Such cmrEnti. tna? prevTn* llie 
dcpniititiit of sedunent bul xardy ate thty capable of erosion except wheie 
rovtiiujilh' stione tWal cimtsits are confined Eo [datively narrow channels, 
Wav-Es gcncole a different kind of turbulence that is unrelated to cur¬ 
rents. In wave motion, water molKutes at tlie surface move in cucuJar or¬ 
bits whose diametm equal tlie height of waves, lliese orbits decrease 
downward cvnonentiallv m proportion to rave length and rficoictically the 

wave height . " (engf/r 

ratio of orbit to depth is as --—is to g 


ITiuf at a 


depLh of ooo Wh (» = '’> “'=‘' “T« “ 512 ’’“S'" 

tuailv the orbits become cllipHcal near the bottom and molccirlcs there have 
mtlc mote than a bacUard-and-forward motion. Tliis is tlie motam ilut 
builds iTp oscillatioii ripples on a sedimentary sntfflce. lutbuleiice is 

caoablc of raising fine sediment from the bottom and keeping it iit suspeiv 
sicln It cannot transport sediment rapidly, hmvwer, because the water molc- 
cnlei move forward only vci>^ slightly in the diroction of warn, Tnms- 
portation is accomplished maiiilv liy currents, ereo the slowest one*, tlut 
move wave^agilatcd water btcolly. Conditions are much mare complicated 
and turbulence is much greater in tlie sfoue of hieaking waves that begins 
where the depth of water generally is somewhere between l.S and 3 times 

tJje wave bci^L . , . 

Tlie saltnitv of llit sra affects tratLsp^rtatJOU importantly became ckcht>- 
Ivtes cause fluccuhition of fine suspended sediment and the resnltiug aggro- 
fflto may settle relatively rapidly. Thus fine sediment is likely to icmafn sris' 
^drtl lunger in freli water tlran in salt and it may be transported greater 

distances. 


By .Art 

The dynamics of sediment ttanspartatiou by cuncnls of air and water 
arc the same. The chief tartar uf importance that differentiates these media 
it densiti . Tire density of ordinary sediment h 2.“ times tliat of ^vatcr but 
it is about 2000 times that of ah, Tliereforc. wind is a much lcs.s efficieni 
agent of icdimcnt transportation than water, and much greater current ve¬ 
locities aie required to accomplish noteworthy results. On the other hand, 
the ixjkicity of wind commonly exceeds that of water currents; high winds 
are capable of moving large anioimls of fine material. Also wind moves across 
the larid more widdv and more eimtuinomb than water. Although lire effect 
of wind appears ne^igihle at m(st placa, the total ammrnt uf scdauentiiry 

material moved certainly is very grot. 

%Vmd erosion can act only on dry material. Eoliflu iranspnrtatmu generaJI) 
is iuctmspicuDus Ciiepl in arid regions or in areas of dn* iann land where 
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protective vcgetatiDii hsis tccn removed After its depasitioTi. wind-tome 
Msdrrncnt fti suLill jjjmnnt^ h dff&cuJi to identify. Wosi of it is soon moved 
;t§iiTTi h\ water. VMieii Tiieh fiiully comcis lu rc^t iti eolai) hiEtoTt 

nirvly h Apfurenl. 

Sj 7 C of Sicdiijient is s?cc<Jtnpliilied ntore efRcicnfly by wiiid Lriin^- 

portaticin thm bj water. 1 Tie bed load consists almost crclasi^ety of smid, 
and Erner niatetbl is raised as dust ttot is earned m su5p;, nsioii faster and foi 
^mUx distmcc^- Some sand grams roll alotii^ tbe suiface bid most move 
prriidpallv by talbstion. Hie moviiig grains that hup short distanc-es 

fmpart tltcir energy to otbers when \hc% Land. This lifts ^;aTiie grains into the 
air :jTid sen-cs to padj other? fm^cud tsnismg a kind of creeping moLkm to 
det glop in i tbm layer of tlic Mini 'ITae impact of grains is sliiiip and 

svear is rebtis'ely nipid. Comers and edges ate roinided off uiid surfaces ho 
come frosted. 

L^iist and ninrc nirdy line sand ts earned upward by turbulent nsing air 
etirrents and h shot upward bv volcanic explosions. Kome foaclies Irigh at 
niuspheric Itself siliere strnng winds Gttiy it swiftly for Jong distancca. Later 
wlitn il dcsitmtU. the dust may filter tiowm very slciwly Liiti>ug)i air llial h 
aJnicFst shTT SmneilLLit i:. mi tine that it rcinams siiapended until it is washed 
out of tlic ah bs tnin. Sturms of several thya' duiatiun with dij^t so thitit flmt 
Qtilv nciJr objech can be distinguisheci arc not. uncoiumLin in deseit regions, 
["roiii time to tiimescvcn: desert i^toiujs luay iLirLcn the of alniosj: an en¬ 
tice continent. fruni the dust tovvt of the ^outhwestem states has 

been traced as hit as New England^ and dusi ftoin !lic Salmni Desert readies 
uoEthem rtinjpc. Miidi air-bomcrscdimcuL Mb dhttflj rntu tliestia. 

Duniig early Paleozoic and pitvious time, many laud arras of the wyjrld 
wenr not ns well piotected from cmfiiiin and wind i^cunring hy vugctalkm as 
they arc at prtiw^nt. Al Jhat time w iud aetinu and coliun franspsirtation ctT' 
tainl v were ninrc extensirc and qiiantjtativdy impnrhint than thei^ arc tCHfav, 
ITiey' may have been relatively much incue irujinttaiil: ^nd effective as c<im 
pared witli writer action then than now Possibly ihis mav partially jccduuI 
fui the cottinioiier riccurreiU'C u^ Cleaiiet sands in formatious of tiirh Palest* 
^saic tluu of JatEj ager. 

Bv fr-e 

!ce in great Tnassics such as gkciL-n r h pListic solid that flows from higher 
to lower levels uiid ca pa life ot camiiig Inmn amounts of seduncnt. Besides 
its gfC.it viscosih - ICC differs fioiu watec ^hy in the c^xtieuK? ilowuesi of Ih 
Diovcmicnl and gGicral lack of LuibuJeucc. 

Clacias acquire their load mainlv froiii thciurfaec over wJikh flfjw. 
Tiny pkk up loose uiateml and break off rock frngnumh. llicre b ulujocrt no 
liiuit to dicflizi; of iLe masws iim can umve. lit jdditmm abrasion beneath 
a gbda nay be t?s[*«LiI1y severe. RocL fragmgids puslicd forwyid and 
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weighted bv ovcrlvjiig icc ^uid away the bed. and similar grinding action 
occurs between tocks embedded m the ice. Thus much hncly di^'idcd sedi¬ 
ment is produced. 

After they ate iiiairjKuated in the ice, rock fragments do not settle, iiiid 
glatiers csllibit no scbs-tisc itctioti ui their transiiUftJtMm of scclimcniniy 
material. .\1I sediment moves almost eqiiaU> slowly. Little or no sorting is 
accomplished. Cbeial sodiment cliaracteristicalK consists of indiscriminately 
mixed rock fragments of all sizes and contains tuoterial ranging all the W'sy 
from completcle fresh to wholly weathered. Clueial sediment is subject to 
very little weathering during transportatjon. 

Sediment in ndarivdy smaTJ (jtiantilies is ironsported by fluntiiig ice. Tce- 
bcTgs broken aiT from glaeicis anti fiagiiients uf Bow^ ict that lias picket! np 
sediment fram sborf nr sliallnwbottfiui, may fio;rt snme distaiict: before melt- 
ine and tboppiiig tbdr solid loads. Pebbles and Imuldcti earned in this way 
may sink amons other sedimerrb at places that they could not bare reached 
bv ordinary' means. Tfie occurrence of inenngmous inixtunes of this type, 
however, dots not titccssarily indicJtc Boating ice because similar transpor- 
tatifin tan lie ixctomplidied by the dnttnig out from shore of large plants 
with (lebiiv eiibiiigied in llieir roots- 


OEPOStTION OF SEDIMENTS 

Tlie nature of every sedimentary deposit ticiieiids upon a complex com- 
biiiatirni of factors tliat begins with 11 \ tlie kinds of tuck that are subject to 
erosion, aintinna with i 2i the degrtes id clieiiucal wcathermg aiid me 
chanicul disintegration that :ifiecl these locb and produce sedimeut and 
I 5 \ the mothficnliom nf -icdiiiicnriiTy nmtcrLiJ Hint occur during tnuisporh].- 
tiori.nnd ends with (d) the ctindiriims. tliat prevail at the Site of dcpositiaii. 
When deposition aloiit is oonsideied, it h important tr> iccognizr that, no 
matter what condilions. characterize a depisitional area, tmly those sedi- 
nicnfs that arc dctis'eied to nr pnidiicotl within it can accnmnlate. 

Tlie local fadors that infiticuce tlie deposition of sediment are equally 
complex: I \ ) Tlie kirul and quantity of sediment dclrvcrcd to an area, as pre- 
viiiiisH men tinned. Is of elntf iiuportaucc. [21 Cnnditioirs lliat pcmiiL Qie 
dqimition rather tliaii the by -passing of this material are a coiisideratjmi. 
These arc not simple, liul primarv among them are depth of w^ter to marine 
or liieu^timecnvirntinienls and gradient and inlnrac of wnter in JIuvLjJ itiid 
related tecrestrial emitonments. I r | Tlie organic eiiviiomiietif tliat coti 
trulv the local priKlucfioii and prvwrvfltion of organic sediment is a further 
fatfnr. This determines the dcvelopnient of hmcvtnne and most organic ma¬ 
terial. Imtli carlIImacetnis and hsluimtious. j-l) another hot generally less im- 
piJTfant f'aetnr is the pliysiuil aivitomueiit lluf uiidei some dfeumstances 
fesiiUs ill tlie fnrmatiuu uf evapnrites and other types of clieuucal sedinients, 



t6z STIL\TIGfL\PHIC PRINCIPLES AKD PR.^CTICE 

]ikc glauconite or phosphate nodules^ or alters sediments as rficv accumu¬ 
late, as possibly in the development of sonie red beds, (5) A last factor that 
is related to time rather Lhmi to lociation h the differences in flic kinds of Jife 
tliat were tn ciisteiicc and tliat wete capable of prndnring orgarLic iu^dimefits. 
For example, in Ftecaiuhmn time thac wde no animals that secreted cal- 
caretms slidls <n other hard parts such as became common later. 

Depositional environments arc difficult to classify in detail because they 
arc influenced simultaneously by so many factors, are so varied, and inter- 
grsde so cumplftely. The most obvious differentiiiliou sep^tes marine and 
non-maTine envirOfiTnents but these are connected by Irttoral envkonnicnb 
that share some features with both^ 


Morme Environment 

Ilie miirbie realm is mucli more imporbsut than the tmesfrial aj a tcgicm 
of sediiiieutary deposition* ft occupies more than Iwc-tliiids of tlie surface 



Frgvic 54. DitigrBrn ihimnng Tsimire prpsp^rfiiHtf ^incipqJ kl^di i|t ocfOflk i«^- 

Bwiit tw r«U]t*d Til dsplk qf wolv; Thk dipgrom ds*i nnt iti# QC£ifrrenc« crf shollow- 
worei CjakareoiKi zHimEnT iKsf probobly h Inclvdtd wHtk the &Qf!d and fill. THe 
I ndicDtsd q% incEudtv gtatvl in n^ar-shorn gnd vnfEfiui kind* of cmfied bot^ 

lEinii In de«paf partbni of ttis h^. iPhUa ham fiTUEin 1957^ Goal. Soc. Ainsf Mtim 
Yfli 1, p. pL u . . , 

of tlte eirtlj at present and i$ bi?Iie\'ed to have been still more eitcnsivc dur¬ 
ing much of the geologic past. Figure 5^ shoi^ s the duttilmtion of tiie prin¬ 
cipal hpes of oceanic sediment as thc\' ate related to depth of u:atcr. 

Lai^c bodies of sediment hsv’e beeu deposited alrave jca level in a variety 
of situations, but generally $ijcli dqxisitiGn w tempoiaxy* Sooner or later most 
of this material is again eroded and canieil onward to the sa. A preptm- 
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denial::^ of the ^dimeDfcaiy locks avaiklilc ti> obscnutir^ti on the hnd tiiday 
arc marine depost b- 

Marine scdinientfi and eiivirotiments have been classified on the basis of 
(11 dirprti of water, f2) neam^ to shore, (3) penetiatjon of light (4) 
of bcnthanic life, m rclattom In topographic bottom and {6} Icinds 

of seditnent. No classification yet demised is i^holly satisfactory because none 
ein be applied equaHy well to modem ohsersed conditions and to the in- 
teipictatiou of ancient sediments, Most classifications distinguish a nmfic 
rccognirion of which is stronglv influenced by the general occmrEnce 
at the present rime of a Jand-margining contmental shelf (see Figure 55J* 
This zone h variously defined as extending to f I) the edge of the steeper 
eontinenta! slope* (2) a depth of 60D fcei:„ (?) the limit of effective light 



f^ur» 5 ^ Schafnotic diaipDrn ihsvrlng #14 claiilftccitlo^ of morlnt tftvJmrtmvTtli. TKb 



iubliUoral, ^Adoprefl fro^ 19^, GaoL Soel. Amsr^ Mem. vgL p, Tij 

fiff. U 

penftfation. (4) the greatest depth at which sediments ate stirred by w-aves 
at times c>f sttiTiii,cit (5) ttie outer limit of abundant benLlioiitelife- 
A rough conebtion esists lietweeu these various suggested Hmits of a nc- 
[Uic zone, and most marine sedu]ieiiiar>‘ rocks available to observation seem 
to have been deposited under cotidibiiiLs similar to those prevailing there. 
These limits, however^ do nut serve tu identify all nenttc seditucuts, wJiidi 
arc extresudy varied, 'fhe ncritic ztrttc has in fact been termed the zone of 
variables. Comparisons between past and present neirtic sediments are not 
particularly siguificaiit for three reasons: |lj The modem ncritic zone of 
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bhe ccmtiricnUl slieif occuis along coasts fatitig the open ocemn. It is cxposcil 
to gTtiai fitonns many of the sedimcntaiy Ttitks of the geologic pa^t 

were dqx^iitcil Within the confines of shettercel mlarid los where of the 
phvsicaJ ttinditinns vm differeol. {2j Sedimenta t(klay can be swept 
across the a?nrincntaJ shelf and deliv-eKt] to the deqi ocean basins whereas 
the shadow landlocked setis of the pa^i genernlly acted as traps fiom which 
rclativclv litUc scdiDicrit could escaisc to deepec water, yl) Tlte present ii- 
rtguLit patlern of sediuient distrihiition on lat^c parts ol the contmenta] 
shelf appears to lie related to Pleistocene slage* of lower sea level and has 
not} cf become adjusted loiriodcm condithms. 

The dnssificudon of ^ballDw maiiue sedimctitsirj cn^Trunmimts presentctl 
here is mEunls liJhoIngie. .Although hthtihigic ditferenctt ^Tiggesl diffcamccs 
in depth, these rdatiorji are doubtless s-ariHiblc. Almost certainly ali. of these 
sliallow environments svere parts of the nentic zone, but some of tlie follow¬ 
ing intermediate environTnesit may have been netitic abo. Hit 
a^ commiinilv uiidcTstocid. is the isottoiu of tht deep sea beyond the slope 
that descLiids from the edge of tire continental shelf. 

SftnffowSdJidy Zorn? 

The effectiveness nf Mves and cnneiits in the tianspcrrtation of sediments 
decreases from the sborelme outward into deeper w'atei fsee Figure 56). 
Sediment tliat is moved :slow!y and widr difhcultv is left belimd. In areas of 
active but rcbmdy .'^low depoMtioii^ therefore, a natural gnidienl ts likeh 
develop from gravel aloiig a bcach^ to sand hi very sliallow water, tijiid in 
deqjcr whIct,. and possibly caJcarcous lu^iteria] in ritualiore^ bcj'und (lie reach 


CLAT 



(NNER shelf 


Figure Sir TtirM COmi3fl^renl K^tter dJagrarrat ihowing dlflflrfiracei m iompailfion 
ledimtnli In ionei rancentrSc ifrilH th- Ifijstsv Gvif tocHt. Sre uins Bgiir* Ul. p. 32K 
LAf^flr Shepard fenJ ^40r«, 195$, fluilJ. Am. Pefns^fliuTTi Gfigl,, vtiL p, 1 j01„ 

fig. 
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of delrita] scdinieiiK Hie separation of sand and nilld is nocmuplislicd by 
the action of wave luibiilence. which holds hue firatGriiil in 5usi»cnsioti where 
it is jvisccptible to ttimnit iiiovemtTits. whereas conrser particles, if tiicy ate 
raistjd 3l alL fetriRi quickH to the bottom. Tliis is an efficient sorting process, 
and marine sand gcncially is waslicd (learty free of miul mid silt unless it ae- 
ciimnlatei at places whtfre waits dit not develop or it deposited reluhiely 

rapidlv. 1 1 I 1 1 

llie action of warn tends to move coaiser material towaril tire heacli. and 

pebbles mcl sand are carried along the shore rallrer tliiUi iiito deeper w^tei. 
Sand is not ordinariK transported in water more than thirty to forty feci 
deep and it chaeactcrifirieallv marks a narrow near-shore aone isce l iniiriL-s 
lti 9 , L 9 iJ, pp. W. Top. Areally ertensivesand deposits moy iniLcate a coric- 
spnndiua ztine of ven shallow water or an unslabk ctustliiie. Most marine 
suiidstoncsare either turnsgressive m icgre^rive and van in age m a direction 
normal to the ancient coast. TraingTSsioii occurs where lea lev’Cl rises ,1111 
the vliote and aonc of movnig sand shiEt laud ward, Sand deposila arc most 
likcli to be presen-ed under transgressive cotiditinTis hecanw, as wnta level 
riswl w taker luibuletice jmJ ennents are nimble to stir the miidy botttmi, 
;md titief sediment h deposited binyinq and pratwrting it. TIils is the Only 
sitwilioJi in which ofhhore sand burs are likely to escape rfcMrncrion, Regres¬ 
sive con ditinm develop where sea level is sbblc. ImiI a shallow bottom n built 
up eTadiialJy by fontiiiiicd deporiitime or where lea level is slowh lowcrc-tl. In 
eitirer case tJic shore and sandy /mie m«vc seawiniJ. Declining sea kvd 
poses Tjc^Iy deposited unconsolidiited SJitid to eiosum and it i$ 

hkely to be'wasJicd back mto the sea by nriu ordiaipated by the wind. 

Sand occvms on the tnodern sea bottom at pbcc» in dtep water where its 
prescUK is difficult to otpiuin by oidinary cuiient rtanspurtarinn imiier ton- 
ditiotis as thev now exist Some uliiiost certauiiy is related to former lower 
stands of sco level, lilistwlrerc the depth seems to Ire mticli too great for this 
ecplanntitiiv, Tuibidity cuimrb are capable of mm lug Coarse debris to SPch 
sitnifiions I'heit deposits are diaiactcTi7.cil by gnukd beddiHg which sliriws 
a hw degret of sorting, neposifs of thi^ kind arc hi Ire- espeitcd in some an¬ 
cient sediments that have Iretn raised and me miw exposed upon the land, 

Sfj(i/h>iv Muddy Zone 

\fTiddyiedimciib5 nut iiiilvotceed sand in quantity hut are normally much 
ujDTP Widely -spread, Bccau.se they arc tamed in suspension, the distribution 
is determined by the direretbn and speed of cuirenb raUiet tliau b> depth 

tif water. , 

A charjclenstic of clay that is of imptnhnii'C in cotiiiecriori with Its 

more or less penuauent deposituni rs its agglomerating iiT agglu Lina ting prnp- 
ertv. 1 'hc clectiolytia of sea ivstCT cause the particles to RotcuLite. and the 
Tcsiiltiiig cluinpi gcnerjlly settle more rapidly than do separate grains. \^Tien 
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thtjse reach the bottom and become reoriented and reoTganizetL attractive 
forces hold ibeni together still more Snnly. Til us cmrcnts and turbiilenLc 
that are weak but ca|»ab]e of holding clay p^rticlci in siispeiisiou and twti- 
porting tliem may not be strong enough to pick them up again after depori- 
tion. 

A near^fbore sandy zone commonly grades outw ard into a zone of silty 
nnid. Cencraliy the silt oonteiit decreases as ft's ter deepens and the ibore be¬ 
comes mrtic distaiit [see Figure 211, p 9-HI. Some sUt is likely to be carnal 
as far wave action or curr^tf stir bottom sedmieuts, that is, to a depth 
that ordinarily does not gr^dy exceed IflCi feet. Tlie finest day particles, 
settle with extrecie slowness. Some readi the bottom only at the greatest 
and in the most femote patfe <it the sea whert puictically no tnrbn- 
lence occurs. 

Sdtand mud may extend to the shore and merge into littoral deposits witi- 
out the uitcnenhon of a sandv zone [sec Figure 62, p. ISZ). Tim is nut un- 
Eiottnnoii at ptoteded pkea along a coast a5 in small sheltered hip and 
lagoons, Al^ mm\ may be entapped by vegetation, as in inaiigrEivc Nwamps 
OT area^i of diallovv water wliJi abundant seawet'd, where wave action and bob 
torn 5 Hnin.g are inhibited* 

IitegTilaritics of depo^irion are common fn areas of sliallow water and 
muddy sediment and find aqjrtssion in the development of alternating 
coarser and ftnci laj'tis or the admixtuTC of larger and srnaltcr amouiiLs of cal- 
caicotis TTtatecis!^ TTus may result from (1) iiiteruiiltcnt periods of stnini 
tliat izEfiiiencc the tTauvpottatjuji of ctiaiser sediment, (Z) irR:;gubriU in the 
quality or quantity of sediment delivered to an area, v'cniafaility in iht 
abundance or kinds nf organisms living there, oi (41 minor fluctoations of 
sea IcS'd. InlerlayicTiiig^ resiilling from these catiscs, \% likeb to be seasonal or 
fol W some cycle qf longm period. Some mud flats exhibit very' nregiibT, 
smalh thin lenses of mud and silt* produced by the sortuig but Lncomplefe 
separation of sediments in the much shorter cycle of tidal ebb and Bpw^ 

S^l(ll/ow CiiSciirctnis Zone 

Die didribntion of cakareous sediment is limited by factors contfoUing 
the organising thjt produce it. The grow th of ih^c organisnix is favored bv 
(1 1 wv-irm water, (Z) ^ihalluw' depth, and (3} rdative freedom horn ckfrital 
hmd-dcTivcd sediments. At present large amount!^ of calcareous sediment arc 
being pridnred and areacciimubting importantly only in tropical and warm 
tcuii^erate fcgioos where lecf-building or^nisrtLS thrive. The act cm! of Ikuc- 
stones^ however^ slmw’S that in the past calciuni entbonate pro|i,iblv was cle- 
pusiled ia mudi more extensive regions, and teefs were a Itsg important 
itciurce tlum they appear to be today. 

Calcurecus sediuicmb range in size from coarse to verj^ fine, 'llicy censtt- 
tuie a suite siniibi in most respetb to detrital sediments. Waves and currents 
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transport, soit* md deposit them Uke other sediments. Because most cal- 
Ci^reous lUBtcnal originates ou the sea bottom, hawcm;r it may escape the 
tuibnJence of a ncar-sliofe zone througJj which mitat teaigenous materiai 
must pass. On the whole, calcaieoos sccliiiieiits are less well sorted and gen- 
etalh OiCT do not cxIiIbiK weU-niarlLed gradaliou from (xsacc to fine material 
in mnrs rstendiiig paniUd to a coast or corresponding to increasiue depth 
of water. Vtrv fine calcarains particle do not remain in ^ujpeiision iudeh- 
nitcly like clay but letiissolve. The transports tiori of such matcrr^l is tiierefore 


CAST 



Figur* 57. Gftn&reiliard troti n^ltwi Jiowin^ Iht ftfottom of Penniylvcuiicm 

ond Pormfd*! itmED lll<S Bl«n burger LiTneBJone (OrdJ fin Efi# eori iidt firf the 

Midland bolin of vwsJ Jtnoi. The jnargin of The U mQrk&d by a sufiC^Crtl of Penn^ 

fytvonlan fcsfi, SedJmnrtOtPOrT bsyond them in ih* boiin wei wry s.^ow and njirdbioni 
here ga^o rhio TO Ihe conot^t of O jlarrad bodn. iA/hJf Adonti qnd olhars^ IMl^ BuW. 
Arn- AfiPOC Pa^ro^yjn Vfil. 35^ 2606, Rgih 3.> 


Timitcd, Most calcareous sediment does not appear to liave been traiisported 
far. and nuicfi of it probably acciimufates close to its place of oiigin. 

'file pTOdiiction and deposition of dommantty calcareous sediment i>cetjTS 
at favorable places almost anywliete within the neotic acne, Catcareous de- 
posits may extend In llie sliorelittc and grade laterally into detrital uiid. ’Ilic 
presence *tif dchital uiid however, docs not nctcssarily indicate a 

shore enviTomncnt and shallow-water current action. Some sand can Iw car* 
ned lone distances by lire wind JS, for orampk. off the northwcslcTn coast 
of Africa, where fine sand from the Saliara. Desert Itas been Idtiitificd in 
deepwater sediments several hundred miles from shore. 















i68 STliVTICRAPHIC PRlNCIPLKS AND PILACTlCE 

Moleconuiimily tht; of calc^inmus sodimcnt lies beyond iLe simlbw- 
water tnucjily ^cmc. or consists of more or less isolated [jgtdpes swnoundciJ 
by mnddj sedniiLut (scc Figure 220, p, 5S1 ). Snell patchta, if tiiey aresmiiir, 
may fotni iiiofn*rms, wiiere local conimirq itics of lime-sccieling ur^nisiiis 
were able to persist iu tljc midst of a eencrally rnliospitihle ciiV'iTtniniffnt/llic 
most favoiiible sitiutioiis for liiuc suiiTnulHticm occtii mtlicr fjr fioui imul or 
some cUstantt oilsliuic Ciuiii a low-lying ccast svbcie flic land cunttibides 
littledetrital iiiateiml tu tlie sen. 

Just as rapid detribl sedimentation raaj limit the production and ac- 
cumiilation of iuipoEtanl; lime deposits in one direction* depth of water, or 
some other unfavcirable condition, imiy linut them in the otitet, Tliiis aJ 
some place on t!ie imhE^nl and downward sloping sea bottoiip, bcntlioiiic 
limt’-secreLujg org^misms bet’ornc sea ret and the Jtaiit uf ealcpteopiv sedinient 
piLRse into .r deqjcr water of mud or cen' ilnwly accuimiljting 
w'bose lime js flcrivcd fmm the shells of tin) planktonic tirganisms. 'I he ac- 
euniubitioii of ciilciiim carbonate inside this limit may cause the bottonl to 
he built up rdatis'tly rapidly. ‘Die growth of active reefs along and in back of 
sneh a line may at-centpiate this process, and a sharp division develtips be¬ 
tween tJie shallow calcareous 20ne and a niuch deiipcr outer one as shown 
ill b'igutc > 7 . hvamplts of lliiJ kind ol situation arc provided by tlie Pcmiiflu 
tccts botdering the DelaWTin; and Midland basins in wnt Tesas and the 
modem Balianm sturtlitjrst nf Flunida. 

OT^nicRccf Enviwtmwtil 

Mosf calcareous sediment is pmdnecrl by beniLoiiic pliuvts anti Jitimah, 
U consists of fragmented uialciial and very fine-grained precipitated calcium 
carbonate that is frmuported and dqjositcil like other sctiimeiit \\ here rct fs 
occur they arc iinpciifaut sources cif calcareous setUnicul. .-V considerable 
part of the nefs ihoiisels es, Irowcver. docs n«t nvvt its existence to sedmien- 
rury dciKPsitiiJip but is built up as a rigid stmctnic by the activity of otgarusms 
that create and nunntmn an L'nviionrnciit fas'orable for tlicir growth. The 
reef environment, therefore, is tliffcreiit from that of the shallow- cakareous 
zone and tchuitcs separate eousidciraLioii. Reefs form a totilinuous /me 
along some toasts, tilseivlicre they are scaltcrwl and coiipplctel} isobted hnm 
racli other, Tlicy rise fmiip Imtli calcareous and mud iHitfomi and oiwi gmw 
tipuard from Inpipgraphsc promijicnces iii deep walei far outside of the ne- 
ritic yrippe. 

'nil- essenlm! part tif any organic reef is the rigid piiass. rismg above tlie 
sm bottnm. conipowfl of calcareons sfnichirts built by oreaiiisms (hat were 
firm It attached to solid underlying material, Tlie ffamcwiuk uf ihe mass 
gcncrallv is ntnre or less iliscontiniluus but the inteish'cci are filled viitli 
crtlcareopts sediment CDii.i/htiiig of the remaim of uliiet iirgLmi^nis and de¬ 
bris deriv'tjd trom (lie fragmentation of the athial rctf imilden, 'fliis lotsc 


PHYSIOGRAPHY OF SEDIMENTS 


164 

mstt.™! is bOiiiid tngetiicr b\' Hie Lemeiitirig utrion of ijiciustiiig organisnis 
ami bccomts part Ot Ihe solid TiXt stiuctnre. 'llic fraoitwotk nf timdcni reefs 
is formed diicfix ttf coloiitil tonis* and the [ntcpititiul mateiiii is bound 
maitih' In- calcaituus aJgac- Vatiingly important siniittif roles in the growth 
ijf aneieni icefs wcic plM^d by other oigaiiisms indintiug bryoztsius, stro 
Tnj]lO[Xii:oids.iuu] sponges. 

Fers modem lecf-building organisms flour tab at depths of more Lbaii 250 
feet flithowch they may grovs- deeper in txccplioiiiiliy clear water. Reefs, 
tiicrcforc. must start in stislloiv it a ter and, under fas-rirable chetunstances, 
they grow upwiird tuicil piogres-S is sloppetl at the water sfirfacc. At preatnt, 
Tte^ arc testiitted to regium ui cicai water wtierc the teinpemture docs not 
fall below degrees, llie nurtlicrumost actisek' gimsmg reefs today occur 
at Bermuda in tlic .\tlaiiliv Ocean ^50 miles due cast of CbariffiEon. South 
Carolina. Tlit mo« soutliem coral tdands ate the Almillms off the west 
coast of Australia 2>0 tnilcs niirth of Perth. 1 he assnmptinri lui* been cem- 
moil tliat ancient reefs were similarly rtslrrctcd as to depth imd temjictiituTe, 
Dili is muerniiii. howevetv btvanse the otgauisins that formed tJiein were 
diilercta from modem cccl builders and it is not unlikely that they were 
adapted In somdiwat different physical conditions. 

,\i leefs ‘unw upward, iiiey entonntei mure and marc turbulence and 
become suhitel to pio^cssively more smete erosion. Gniwtb comnionli 15 
50 vlEii'roiis, hov-merT tbai tliej- reach km-tide kcc) and maintam Hicir tops 
there m spite of tontiimous hiittcriiig by iJic waves (six I’igiitc p -}^i^ j. 
If sea level nscs or the bottom sinb, reef growth may conthiilei reefs in sari' 
oiiii iiarts of Hie world have reached [hickoessei of several thoiLhJini feet. Ma¬ 
terial prodwedbv the wave erosion of reef summits, ranging from the finest 
?edimcul to Liiec blocks of eciiiented reef rock, aceiuimbtcs as Lilus aprnns 
nnkis stmiig ciirrcnts swxep il away and distribute it moiie evenly nvei the 
sea Irottniii. 

Some niodcm cothIs gum in cfitisidcrable sbundimcc in deeper, colder 
water. Banks of them Imve tieen found in s'ariim* parts of the world bill 
they' are best known abiig the Norwegian coast. Dierc tliey occus at ikptlis 
of from 60(1 to 91)0 feet where water tempcmtiiies lauge fruui dP lo dc- 
erecs. Elsewhere similar patdiev liave twen r ported at depths of iiioir tlut) 
WKlO feet. Coral intnks of tins ly pe attain djanrelets: of more than a nule and 
uiiiic rise 2UCI feel above the siirtoiiiidiiig bottom. It is not ecrtaiii, however, 
tital they are Reffike stnichney and pTominences tismg above the bottom 
may onh pmvide ftiiotahlc |dacia for coral growth. The bsmks generally ot- 
nu in The midst nf fine dL-lrital sediment. Die niiriibci of csira) species is veiy 
limited and these caniiDl suraive m ihjllnw or wariiio' water. Many olliei 
kinds of anmiiiU oecm in iiss^Kiiitinn witli flic tOials but cakuiwiiu algae 
arealmcnt. Ancient banks nf thw type iTiight t>cr mistaken bn wntin ,mii slial- 
Inw-watci biuherms nruiganic reefs. 
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Evitpctitic Emir^nment 

Evapotilt deposits such is salt and gyp&nni arc proclueb of a liighlf spe- 
ciillifted cnviRsnTnent that does not constitute a zone but pne^'^ajU in Tcstricted 
artas, Lmsult^ frnin excess ev^jpoiatiuii^ whicdi coriiientotcs the Tnincra] irtat- 
t« diswived in Ma water Ati6 nentufllly causes its precipitation. Hjis can 
occur only in shallow, more nr ]«s biidlocted extensions of the 5e4 confined 
bv bartfets fhat ptetent Lee nvnlct circulationp and Ln regions of and nnd 
w-atni eliTnatc- Typical ishallow-wntcr sands and silty muds commonly ac- 
ccimpany evaporites. Higli land m active eioLon in nearby areas is not indi¬ 
cated. hmvefcr, for the influx of fresh w-ater would ictaid coiicetThiitioii of 
the brine, and salt and gypsuu3 wouJd becflutainimtcd hy nnich detritaJ sedi- 
ment- 

Supcmlme conditions inhibit Tnarine lifC:. and the Tumains of oiganjsms 
art rare CTT wholly absent from the scdrnicnt, Doriiig the conccfiEratioii ptoc- 
esji calcareous sediments may be produced tcorgaiucaJly. Tlieir textures 
cfiuiinDnly are very fine but oolites and pwoTites may occur. Lhjlomitc gen- 
crally is iuote conuitoii than calcium carixmate. Conditiuiis witlim an evap- 
errite hmin fluctuate betw^eeii greater and less brine concentTation^ and dif¬ 
ferent Undi^ of sii^ta fuceeed each other. ITiq are likely to grade uito icd 
beds in one direction and into more nomui] maiiiae deposits in the other, 

AiTtMYohic 

Anaerobic conditions mart another specialised environment \h^t occqe 
intermittently in restricted p]Fii<.ms of the sea and does not ftimi a zone. 
This eiiviTnnmcnt owes its esciatcncc to abundant organic iii4lcrial w lu>^ de¬ 
cay depletes tbe oxygen dissiil™] in sea water. Distmetion mmi he made lie- 
Iween l^vo tjpes nf anuemhic Jicas, one occuiiiiig m vm shallow^ and I lie 
other in deeper w^ata. In both ^ituzitiom wato^ chculatior^ is impeded to 
such ai] extent thfit oxygen is not supplied to the bcittoio as rapidly as it is 
consumed. Sedsmeut^ dq>o5ited and preserved are ckiiacterjsticaliy bbefc. 
and the rertiaiiL'i of 1>enlliotii£: aiiimab ate abseiU nr very Tate. 

Tlie ciuboiiacc5oii5 nature of black diaJcs been cxplaincsd tii varions 
ivav's, one siiggcftinii l>eing tlitit vegetable materiul or bbtk will w-as washed 
into the sea fiom adjacent low-lying land, llic probsdiility i% greater, how¬ 
ever.. that the carbuiuiicerrui imtenaJ hud a Iciol origin, unit an imporhmt 
part uf it may have hem {supplied hy seaweeds that died, sank to the bottom, 
and paitiafly dcxoired. Huch plants rooted by hoEdfosts in the mud interfere 
with vvjvies and vmrents and pioctucc stagnation m the lower water lii\ trs- 
Die surface water, howT^^ei. normally is acTated. habitable for nek tonic and 
planktonic orgatiutiis, and capable nf tniTi^pOTting fine suspended t^edimeiiL 
Small animals can liic among ut attached to the upper parts of scaw'etds. 
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Tlicir remains and iLosc nl other ctcatmcs ol the aeniled surface aone tuaf 
be preserved svben tlicv' die and sink to the Isottom. 

Coarse seaweeds attadied to the Ijottom and capable of damping waves 
ate not aliundaiit in water more tltm about lOU feet de^< If the foregoing 
explanation Ls correct, wwtw of not niiKb greater depth is indicated. It mav 
have heM much shalbwcr. Such an origin of nrticL carbonaccuus inatler is 
bvoted bv 11) Hic great areal extent of some bbclc shales like the Chatta¬ 
nooga fDev.-MUs, 1 and its ctjun'alents. and ninucmiis thinner bt:ds in the 
Pennsylvanian STOteni whose oiganic content docs not decrease in a ditec- 
titm awny frtfm the contciupcfrary land; (2) lire absence of lecogmzable Istid- 
pLint fmgnrcnts; and < ^ t the occurrence of black slialcs in 1 recambrisn and 



Rflure J8. Sthsmnrk diagram Ehowlng Kflw ciVsublioii of *wrlo™ woi*r In 
nn MiclDtert bairtd Of tilted bolin mar 1*“’® depfrtf WOtOF vn(tiillJfi»d. 

Ttiif ii tha tKplqnafkOn niRinaAly offefed lo oewunt fuf lha accimifbllon of 
higlily corbo^seceu^ itibFlK 

eirh Paloozoicstmta depusifetl at a time ptobabh- antedating cstensivc cejn- 
quest of the land by plants. Strata of thb type grade in one direction into 
iieaf'shore sedimBits of various types such as silty and isandy shales and sand* 
slonCii. oT Tiuids suggesting coasbl swamp coudituins. in the other direction 
tiicy are transiiioiial into more nnimdl marine SL'dimtnts, generally shales, 
ermtaming less organic and more calcareous materiol indicating better aer¬ 
ated and deeper wata. lliis type of anaerobic environment appears to re¬ 
quire nut imh* shalluw water but also a himnd climate that probably was rela¬ 
tively cool rather tlian warm because desiccation did not occur. 

The oilier type of uiiaembk euviiniuncnt occurs in niorc or lest deep cn- 
closal basins whose lower water bocomea stagoimt became it h dense and 
fads to mis with noTmal surface water (see Fi|Tin; iS). Most basins of this 
kind are landlocked, like the Black Sta and some Norwegian fjords, or en¬ 
closed by reefs, us was the Pefuiian basin of west Texas and the late Devo¬ 
nian Iwsin in Alljerta in wcsteni Canada. Free communication with the sea 
comnuinlv is restricted tn iiartow or sballovv passages w line the bottom rises 
above nearby aicm and fonns harricis to tlie circnlatiun of deeper water. 
Organic matter is supplied by plauklonic organknis that die, sink to the hot- 
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to(n, and pirtiill)' decay. The tcdinieiJt iii laiidiockcd basuis oniinacilv is 
silly or ai^ilkccoiiMndd. Init in tLf«c assotiiitcd with iLcfs. variable aiinrtmls 
of caJriiirn carbtjnflfe toiitribiite to ihc de^'eloi^mcnt (it impure bhcl 
limestone. The :(edjinimtv of these basms arc more oi Jess sfiaipl) restritted 
bleralU atjd are It^s hkdy than die hbcl: shales of slialJisw wafei to emde 
inTpcrceptibly mto iionmJ mjjrme depiisihi, Ordmaiily they also ate te» in¬ 
tensive areally. Some large hnstns of tiic past, particulaih' those enclosed by 
reefs, appear lu Imve nicived vciv Uftfc sedimetn. Hic black sfiale m thciu 
probalily records dcpoiititjn of esrticine slawmess. ThLT have been reimca 
rfarved basins. 

Scdhniam rteptnited under other, relatively ihallow-water condiHuiis 
criithaiii variable anumnts of org;iiiic material andmav bt dark coloied, Tliese 
sediments are grgilJisccous or calcaieous muds, but mrdy sands. Some pa- 
scfTie OT^nit matter became accumulation was too rapid fo pi^it complete 
dfttnjctitm by decay oj the scavenging of tmnfHcating ammnls. Sediments 
of Uiis kind arc likely to be silty. Others record oxygen dcficicticv mthei 
than complete tiliuiistiQii and probably contain only tiic most resistant nr- 
piiic Cfjniptiuiitts, Such sediments may contain ilie remuins of a few par- 
tuiulur 1 y Jia rtly hoi t hnnic animats a nd tl icy are likdy to be calcareous. 

tnterfnsfdini^ Zrint? 

ShaJlow-wAter hediments are «iparaled ftt>m the deposit, of the deep sea 
bvau mtcmicdiute yxine whose iKimulines {n must areas are mdistnicL The 
scilijijcntA uf tins /smv Lick mn^l of tht f&ituTcs judicative of wave and ciu- 
letii avti*in. mid the reiiiaim of henthnntc aiumaJs geiiCniOv are iifjt abiui- 
daiit. Mtlmiigh nriiderri scdiinenhs of tins kind are tommnijli de^Tibed as 
blue TiiTifJ." (lies van cunsidenbJy depending upnn f J | thnu degree of 
(Wdatiori, \1) thciT content of organic maftei. (sj their nearness to land 
idl tilt kinds of maierol accuumlating in adjaiTnt sliallow-water envmoii- 
reents. and iii the kind and 4bmidat)ec of planktonic orgaiiLsms whose 
sJiclb Settle in difftrcnl areas. Silt delivered by large nvers mav rcacli this 
Jteme, and Giic calcaieoiiv detritii-. fmni nearbj' reefs may be aii minortant 
COnUitumt. A ho soiiii* piitchcs of deep'writer comb may orrciir. 

Tin bottoni wilJiin the iritermediate xonc is more gcutmilv and iitfire 
steeply sloping than ui most parts of Cither the shallow er or deeper aea Con 
scrincntly sluniping is likely to be coiuuiori. Crmtnrted fictliling su produced 
however, is not icstnctcil lu tte jumc became slumping abo occurs on sloped 
in nituh shnllowdr ,valcr. Altogctlict, sediments of the intemicdiatc aone 

pus^c<^^^ Titi ciiiiEic tcTi U tat a lie iirtii|i]c ccrtiiuilydjstincitivc* 

Abv±iS£f/ Cm^iTOfifiJL^t 

Aboiil half of the stirfatc of the earth Ii« at the bottom of the deep sea 
where phyiical couditiims are utiiforni mid sedimtmUrr deposition is verv 
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simv. Moit deeiHea sedmicnti consist fif niixtuics of vciy fint grainci;! Tnnr- 
gank mud and the sliclk (d planttOTiic lir^nisms. flic sediments dredged 
fmin great depths n\s-c lliar differenecs tn \jnjblc proportions uf these ton- 
stitucuts. Uiree general types are retogni/ttl- 11) calcareous ooze, (2) sili- 
ccmis and fl) red clay* Tlic>' uernps- arras liashig the approximate 
ratios of 4 tn t to ? nspecthdy. Tsst> kinds of talcirtrius ooze gsiciaUv arc 
distingmshed, depending upon ivhether Ci’ohrgtTTnii ami otbei [xdagic fo 
rainiiiifera, or ptcrapods. which are tusy swimmin g mol lusts, ptttlnmimte, 
Siroilarls-, siliceous oozes arc of two kinds. conTainuTg other abimdant skele¬ 
tons of prolozoan raJioIariins or diatoms, which are srnglocclled micro 
sernpie phrnts, 

Hie iiifiTguuic canstituents of d«p sea setliments comist mainly of tiny 
eJas particles produced hy tiidhiaTy nx'k weathering and CTOsinn. flrkli wind 
and water are responsible fen tlidr transputtatioii. Much of tiih midcrinl nc- 
ciimrig far tEDm land may Ijave been wind-borne before it settled into the 
sea. 

Wdcaiiic dust is a variably important constituent of deep-sea sediment 
and niMvtly it wa4 hauspnrted thruugli the air* It is. of course, comiiioiiest 
ill regions of espIosHc vulcanic actinii but utlierwise its leblive abmidante 
probably is gteatot in arcus mrist distant from bud tluil tcceive the iuiallest 
qua ntiticsofdetTital cU)'. 

I'inaJIv, cosmic dust in small amounts filters dtuvn thrmigh the atnifHfphtTe 
from outts space and lias been identified in dccp-sca scdimcnb. 

The natnie uf the organic fraction of abyssal sedmienhi is dctcrmiiiLd by 
fl j the dislTibution of plurrktotiic oiganitras nnd (2( the dcptfi uf warcr* 
All of tlic ptiiicip] hiiidk uf plankton arc widely distrihiitcd geogrriphicilily 
Imt their relptii'c abuiidmicfs vary iii general with Utitudv* TIjus furamiiiif- 
cra, pteropruh. and radiulatiam piedoininatc in the w-armer surface w’uter 
bc'lweeQ about sQ degrees iitirtli and degrees suntli lutitiide whticR dia¬ 
toms attain thcii greatest dcvelopiiietit poleward fimn this zone. For tlik ita- 
suii most calcareous ooze is confined to the low and middle latitudes. Depth 
is important because the remahis of planktonic organisms arc subject to solu- 
lion a*^ thev sink sluwlv in the sea* and solution COiititmcs as they lie impm 
tccted (in ilic Ihjttmii. Snlntiari « most prolonged, of cuiuse, where depost- 
tiuii b sli^west. hi the deepest arcus, calcareous oiKte occurs a I depths uf 
less than l2,tHHI fed; very litlic tsilcatoiijs mateiial leituuLS in scdmicnt ns 
deep as 15.tHW feet. 'Hit sUiceuns skclifttnis are lea soluble and radinlariait 
ooze occurs trtamh' below H,Wi' feet Diatumacernis oozc^ however, is pres¬ 
ent at much filialtower dqjtbs oiitsidc of tlie main range of ealrareons plank¬ 
ton. BclfJW Iti.OOO fe«l little organic sihea remains, and ted clay characterizes 
the deeper ocean fioor. 

’I'he nature nf abyssal sediments is cumplicated in some areas by the occiu- 
lencc of coarser dctiitai matenal. Some, like desert sand in the .\tLmt ic near 
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nurthwestem Africa, probably tniiispoitcd by the winil Elsm'tierc tttr- 
bidity cuireiitj ate believed to bavc moved sand and id t for long distance 
across the deen-sei Soor. There is, however, eunsideEablc diffLicnii; of opin- 
ioo concerning tbcpier'iilcnce of tuibichty current ttiimportiition. 

llie variouif deep-ses oozes cannot be dtstitiginilitd certain ty from ma- 
tetiil tliat might have been deposited in mneh shallower w'atei. Ihe red clay, 
however, is believed to be unique. Sediments observed at a few pbccs on is¬ 
lands in both the hast and West Indies have been identified with it. If this is 
CtiiTOct, dicss depmits establish the possibilitj' that small portions nf iJiedeep' 
^ bottom may Iw elevated and converted into land. 


Terrestrial Environment 

SedimQitary deposition is moch less general on land than in the sea. Most 
tenestrial rcEions suifer nearly continuous erosion, and depnsitmti is confined 
tooertam favorable areas that ordinarily occur at low elevations as lelabEd to 
local topograpliy. Tlicse areas ace small in comparison with the whole land 
suiluce and thw are scattered. The cemdithms prevailing within them and 
inBueiicing tcdinicntary dqxriifiou ace cstremtly viikd. Therefore, terres¬ 
trial depoiilt are more irregnlarly dislrihutcd and constituted murine 
deposits. TIil-j gencially represent only tempnrarr stagey mterrapting the 
tTansportation of sediment to the sea. 

J''fuvkf DiposHiotj 

Fluvial deposits include all sedimeots depoaited from flowing water on the 
land. Their uaLure depends upon (1 i the tj-pc of materia] avaibble to ttans- 
poit. (2} the vtiluuje iif Bowing water. (5) the speed nf currents, (4) the 
gradient af flow, (5) the nature and amount of sednnentary load and its dis- 
tributkjii, ^6ji the size and itlrapc of channels, and (7) the place of depiKi- 
tion. Some oi thest factors arc interrelated, as are speed of (low and gradieut, 
but the inany possible combiiutions result in great complexity'. Dq^ositlon 
occurs if tlie bamsporting power of a cuiretii fails, geneially became of tC' 
duced velocity or volume of water.'11 icrefore, it takes pLce wUai or where 
(1 ( Idw« gradicoit is cncdunterexl, ss, at the Ijoundaty between an upland 
area and a plain, (II eliarmeh become smaller and shallower, as in a dis¬ 
tributary system or on a tinud plain beyond the mnin stream couise, and 
( 5) vnlninc of water is reduced by detrEase in ittpplj, after a storm, or bv 
loss fmin ^eqsage into poiom gmimd cn from Evaporutron. 

Most flnvial deposits eau be classified as either channel or slack-water at'- 
cumiikitions. Channel dqmsits generally are attenuated und niudi longer in 
one dircctitni than in the ottiei. Ttjcy ttmy curve mid follow the mcaiideimgs 
of a stTL-am, like some shoestring sands. Uueonfomiable contacts between 
them and older strata onjinarily arc clear. ITiesc deposib consist of poorly 
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«)fljcd sedimcnhi anil &hnw cvMaicc of rapid but mtfcitupted depositioa, 
Coarsoiiss may vary gicatb, and tut-aiid-fill stniciur£S and isegulai cross- 
bcdding ate common. Gravd and coarse sand ai? not likely to be trans¬ 
ported minide nf channels. Buried ctiatiiiels may be tionfusef] with tieadv 
deposits and offshore bars, which ate soniewJiat similar in form and coaise- 
ticss. 

I'tood-plain alluvium is the most perfect tepresentative of tcnestTial slack- 
water deposition. It generally consists of well lamina ted and nnxlciatcly 
well-sorted sediment, muging fmni fine sand near stream cHannds, where 
natnrul levees may develop, to mud with decreasing anioants of tilt at in- 
CTcasing distance awaj. file I'liaractcr of fiood-plain sedunents is likely to 
be iiifiuenced by climate. In humid regiom org^iic mateiini may ocaw in 
suiEcieut 4itaiidt)' to impart a dark color, or arid conditions may aiusn 
itmiig orf^tinu that perhaps accounts for the devidopmcnt of some red 
Irctls. River allmium grades imperceptibiy into sediment deposited ui bkes, 
swamps, deltas, and the sea. 

Fluvial deposits of traiisitionaJ hpes^ot rfricLly either channel or skek- 
wutcr sediments—atcuniuJate especially in arid regions upon the fiaiits uf 
mountains and lu mtcrmotitanij Uisiiis. Steep alluvial fans are built up 
where current velocity is checked so abmptly in mountain streams (hat 
deposition of all but tlie finest sediment is very' rapid. Systems of distiibu- 
(arics are ilcv’idoped at times of flood and the streams shift conrses so often 
and so iwiftlv tliat no pattern of channels b preserved for long. Slack water 
dries nut border channels because there ate no flood plamt. but finer sedi¬ 
ment mav be deposited fitim ihe very shallow water of sheet floods. Mud 
flows also may develop whose high density and vhcosih pcimil them to 
move large iKmIden. 

Beyond the hitu and pcdrmenl slopes, temporary and perhaps suline prmds 
and lakes fomi whose water disappears by cs-aponilion. In them tlie finest 
tediiiicnt settles. 'Hh? impermanence of sburelitics results in the c^mrfvc 
inteitongiiing of fluvial and lacustnnc dqw>sits. I’art of this vcdiment is 
likdv to be whipped up by winds. Tlie ssnd forms belts of dimes, but dust is 
traiispoTtcd farther and may settle to fomi loess like that in noTllictn China- 
Exticrndy thick fluvial and basin deposits may dm-elop particukrh along 
the fronts of ming moimtains. Ancient scdimenhiry aceumidations of this 
type occur in the Tertiary fuimatioiis of the Rocky Mouutaiu tegioti and ihc 
Tiiassic dq»sits of the Atlantic seaboard. 

f..«C!fjffrrfie De^osifiotr 

\ .-jV- j. sediments arc so similar to some of those deposited hi the sc 3 that 
ditbtticLbn in ainieiit strata may be uncertain. Some features ol t!ie sci. 
however, arc nnl duplicated iti lakcs-^or eivauiple. sue and depth—and 
neither very tuterisivc iinr very deep water lake deposits are tn Ire espected. 
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Because of the stiiall iiie an<l sliallmviicss of must lakes, naves and currentli 
are tint stroiTE and tlicy are likely to be less eftcetive in sfiitiiig and trani- 
porting sediments ttiaii m Hie rea. ALsh* large bodies of calcareous uiatciiaJ 
are rate, One of tbe most uotcretirthy diderciicta toncenis the faunas, ‘I'lie 
\TiTiclr of or^nisms in tresh svatcr is mudi lestoctied became scsexi! rniiim- 
fcml groups such as tlic ectimwds, bratinopods. ccicils, calrareous bnei^oarLS. 
and cepliaiopods are etdusivdy tuaziue. Where iLc remaiits of such ariinials 
occur ahiuidiiiith. marine inigiii 1* Esbblishcd, but llieit abseuce is by no 
tneaii'i prer'f of noii-miirinc dcjHisitkm. On the other hand, if fresJvwatei 
species can be idcntifieii, tlicrr ptcscuce gent-rally h diagnostk. 

Nfost lakes axe only tempnan feature, of fire land destined soon to be 
filled wifli sediment or dtamed. Dqjosits in them arc not libdy to be 
Ihiik. Wfierc cital hodie of sedunent have acaimiibtcd, as m sxime inter- 
mnuLiiie areas, Ueuitruie aud fliivwl strata commonly are intedayered imd 
ditferculiation ma> iHidifTiciilt, Small lakes tiutl pouJs develop in niajiy situa- 
firms, as on nvriT Rntid pbins .md near gliciErs, and dqjcisits in them merge 
more or Itass tmpeiceplibly with tbnsc ot olbet enviiomiictifs. On the w hole, 
lacustrine SHlimcxils aft hard to identify excqit wlicit gieomnrphic features 
aid in establislnne thecxisfrmcc of lakes in tire rehtivcly meut past. 

Sivdii ifi D epDsif s 

Swamp, ttuush, or bog deposits represent a reitneted and special need cn^ 
virunmcnl Unit occurs only on the land i>r at Lire margin W the sea. tJrdi. 
iiarib they iwpiirc i I t bw topigrajihic lituatioii. ( relatively liiuuid clh 
male, and (' 1 abimdaul vegetation. Aiitienl sw'amp dqwsits commonly are 
identified by the i>ccutrcijce of vegctalile debris in ,i piitly decompmed ton- 
ditiou.Tticv are important liciause they iiidiide most cfml beds. Tliree typo 
of svTjmps can be distingnisliGd: (Ij coastal iminibo, (2i low-moor bogs, 
and I ij high-moor bogs. Ctjasfal marshes are part of the general littoml eo- 
viiunmctif but l«xth Itnv-moor and bigb-moor bogs »tc tcircstnal. 

l/OW- rnoLii biiijs are confracd to topographic depressions that are iiii- 
dntined or ponriy dmiiinl and coiitaui slngnimt water in wliich vegetable 
matejLil may aetumukilc xs peat. Oidinurily bcgiitiujig as ponds or simll 
lakes, they are gniduullv filled m by the encririchmenL ni vegcfatioit about 
then mBxpns. I'hey are Testricted to phiciis w hae the water table lira al ot 
above the Huit-jcc of the ground and abuotlaiil iiiwindi of reilhiient does not 
occur. I'bcy arc discon hi luoiis and gcnemlly iinall, but some may contain 
icblivelv thick peat or coal deposits, nius PeniijyIranian coal up to nearly 
lUtl feel tlm k Itus liecn mined fiom sevetnl ancient Missouri sink boles of 
nii>denite or stjiull siac. Loiv-moor bogs tnay develop Lhroughoul a wbdc tange 
of Intitmlc but they arc rare in the tropics, where Lire decay of aH oiganic ma- 
tffial h very japid. 

Eligli-tiioor Ixi^ oemirat present only in cool or cold regions w’bcrt evap- 
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Oiahon IS rcfcrnitrd Mid dtfy y is slmv. Hity devdap in flat or ven gcivdy mU- 
jug Mcss and are not dependent upon th^ ptMiHoii of tUe origina^ ■ao.t£;i 
i:il)Tc. Ill diesc locations ’s'e^ctation, mainly nioss at present, actiiniulates as 
a spongeV man;* pcfiiuncntly rated with fli'atet as in nurlJieni turi^ 
n’giims. Dicie Iwgs mas- lie extunsive and contiimt without iutcnnptioij 
amjftS gentle topograplik Tnnjiilatinns. I'cnniyhaTiiaii coak many of which 
are cuiiHnuous over tlmusanth of squnre miles, probablv m;otd swamps of 
the general liigh moor type fhal difleral horn modern ones mainly m being 
forested, Other coah. stich as llmsc hi the Upper Oelacanis fonnntions of 



figure 59 DiagramiUDlie fecorrswuclinii « Cmtateoui coat iwomp 
OF»d behind a CODslol bor =T rtdB® ThH It ihe trps of .Hufltion ■« «hidi pMl Is 

belBTtd 10 bav» accuntglfllmt Ol irUrvob durr«9 dspoatHen of sodFrneoh o! itifl 

Mbcg V*fde Group. (Afler roiKi®. 1955, Bull. Gaof. Soc. vd. 66. p. 194, 

F»5k Jki.J 

the western states, scon to liavc liad a someivhat diSerent ongin. I liey ap 
parcntly tlcsfkrpwl adjacent to a shifting coastline in maoilifS that lay be^ 
hind pnatcctivi- beach ddges made of sand as stiowii m Figure 59. These 
probably were not salt miitslics. In general sail water does not provide a 
favorable tTivironmcnt for the accumulaticm of tliiel or eitensivc prni 
ixwits. 

G?4£n£iJ 

Sediment transported by gbcial ice cannot be deposited until the glacier 
melts, 'llicrefriie, it is deposited in an aqueous envminmcnf antL, spealhig 
most Strieilv, it forms an aqueous rathci than 3 true gbcial deposit. ,As looBcly 
and coiiunoiil; iirtetpreted. Iiowcvct, glacial deposits arc considered to in- 
cJiidc all types’ of periglacial sediments, some of wdiKh, such as varved clay, 
oiitwaili giavd, and loess. tltsuJy were not ikpositwl fmm ice. Here aai in* 
tennediate position is talien and attention is TOtrklca tn thiKC lualenals that 
are generally '.nid to have been deposited directly fmm the ice, Uiat is, 
glai-bl till ur IhwiIlIct ctav- 

■l*iH cutisistsof wIkiDv unsmtc’d dctrild materml. nuTch of it uiuvealherHJ, 
and ineludes frasureiits'of all the rocks overridden by the gbcia ll shows no 
evidence of water transiKirtatiun «t rcuoTkmg after hlicrjlimi from the ice 
although abviomly watci-bid deposits rumiviaiily are associated with it. 
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Cenenilly it is composed or uiorear leiis aigdlaHious or sandy cby tontnjnirLg 
^'^liablF abimdeiil pcbbicis and boiildcT^ some of Ltiein vm lar^c. Till oc¬ 
curs ( 1 1 in jidgelike tenmnal or icccssiutuil wiueb mark tbe sta- 

tioiLsn' tnaigiiL^ of ghcieis where ratei of melting jind ice advaace.were etjnal, 
and ( 2 ; in generally iJitunei bjm of ground niorainc inhere rcccsskiiial 
mdting occaned. Valley glaciers orely leave much gmsmd TUOmme, but a 
large pnripnrlioii r>f tlic ^tiinient tiansporfed by great continental ioc sheets 
remains as ground criofamecovetjug many thousands of square miles. 

Tlie thicknesses of dll depiisits vjr>. lliickiiesi depends to some extent 
upon the iTTpi^ginphy nf the underlying bedrock surfece TUI plains were 
produced b} ihe grinding down of lull tups dining glacial advance and the 
filling of old vall^^s as a gbciei melted back. At some places m the Ci&it 
Lakes states glacial deposits* mainly dll^ fiom SIKl to more tlian Klfkl 
feet iij thickness. Till it^cH is unstrstified but raiilrtplc gladaHon^ inch as iKr 
curred during the Pleistocene Epoch, may pile till sheets upon each other, 
!icpanitccl bv weathered zones and wind- 01 waterdaid mtcrglaciaJ de¬ 
posit. Tims kfgc-scjle sbratilicatioii may occut. 

Much iniiteTial tiaugpaited by glaciers is rewwted by mcltw'atcT and de¬ 
posited in temponm^ lakes and ponds bordering the ice frvinL or in iiiallcys 
that draiuetl the met ting ke. Such deposits show variims depees of sent- 
ing^bnt Ihey consist of mstterial derived from hit and Ihc generic relations of 
PlcisttKreue deposits of this kind generally are faicly obvioir^. 

.Ancient till deposits, ternied tSIite, have been Teportecl from almost every 
geologic sysLcni and in many parts ol the world. Glacial dqsodita of ITuiod- 
kui and late Paleozoic ages sceiri to have been certainly ideotifiecJ but luost 
ntliers either are seriously qucstiancd or are no loiigei interpreted as glacial. 
U list! r Led sediments of quite differ cut orlgiu may neseuibk till closely in rela¬ 
tively smiill iintcTO|^ for Dam pie, submarine slumps, mud Rum, anti 
some tectimicbTixcias. Even facettd and scratched pebbles and vtiiate] rock 
surfaces may have otliei cxplarmtirmic. Wit hi nit the aid of gconifjrrphic fea¬ 
tures to Biipplcmeiit composition and texture, ancient con^ohdiiled depo^tsr, 
some of which ate metamorphosed, are very' diihcult to interpret surely. 

Eof in It Deporifs 

Ordinarily wind b not a pnimry agent of sediuient bransportatinn. Most 
of the material it tnom ha* been processed prcviDusly by wit^r am] carried 
to favorable pbecs where LI became subject tti wind ctu^ion. Ihus the sedi^ 
ment in most eoliati deposits has liad a sninewlLat more complex hbtory tLaii 
have nrhcf sodimenU. Edlinn deposits ate the oiilv ones comnioiily nccumu- 
la ring in areas that are higher topogufphically than the immediate sources of 
tlie sediment. Wmd-bome material also is deposited tn lower situatHms, but 
tlierc It IS not likely to remain UJidisturbcd and genera I h* passes Isntk into 
lire TCgimeii of ’walcr 
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Eolian deposits (all into one ot anotlia of three distijitt categories: (1) 
dunes. (2) loess, and (Ti vokanic asli. Thediffeience hetween the fttst 
(wo IS primarily one ofparticlosiH:, but (his determines the nietliod and dis¬ 
tance of tr 4 usportabioi] and the form of Hie deposits. B-tiLh require a more or 
less tininlcfrupted supply of fresh dry material, pimidcd by (!) beaches on 
windwind coasts, (2) barren vallqs of pvctloaded streams, and ( >) deserti 
where nicks are oontijmonsly dismtt^iaring. 

Sand treveU mainly by sailatiou and begins to acciimnlate fti the lee of ob¬ 
jects or other irregularities of the surface that interfere with tlit flow of aii. 
Ouce started, a dune conrinuis to grew imti] its crest reaches a level where 



rgure 60. Diogrqni ihe reJothf* rtunilnm oP iond 

gtolrtl Kcumfi^ in dlfferccil iJTualfont oct Hih Texai Gulf CoCiit. 

Each dot r^prewnti D Ifudi^ BdTTIpEe. (Afler Shapad and 

Assvk. P^fffAsum toL 39, p. tp. 30J 

rir Ojnctits are so slmng that further accumulutimi is prevruted. Ou ihc 
south shore of Lake Michigan dunes reach a hcigfit of 2D0 feel, and much 
higher ones are repiirtcd in the SahniQ Desert. Duties begm to form very near 
tlif source of sand. Whenas In and regions they may travel long distances 
downwind, elsewhere their movetueut h limited to places where sand mobih 
ih'ts not neutralized by the growth of plants. Most dunes consist douiritiinlly 
of quartz sand Init ctmiposition reflects the sciuree, and other material of sautl 
size may he drifted into dunes. Hius tn Nw Mqiico gypsum dimes occur, 
and calkrefiu-s dnnci formed of coral sand, oolit«, and fursaunifera Itayt 
developed adpccnt to some beaches in the tropics and ttioiit rarely as far 
north as the British I-sles. 

Du; most diaracteristic features of dunes are their composibon and in ter- 
nal structure, Diey consist of weU-soitcd and generally rounded sand gmins 
(see Figure disposed in an irregular system of steep cioss-bcddmg as 
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shoviii in Figurtr 6T These features, where wdl msy be recog¬ 

nizable in saiiclstanes of vamni^ ages as, for examplCp the K^\^4\o Sandstone 
(|irr,) of CtaJi and Arizona. Other s;:atttklDues, like the 3t. Peter (Orel ) af 
the ujfptt Mississippi Valley, of ttumded Rud frosted grains bnt 

lacldng con^pknotis cross-bedding, probably are dime sands ttcit have been 
lewnAcd and deposited in mter. 


N 
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HgUT^ fif, F'olEa^-caordlriate diagram ihow^ng diredloni end 
on gifts ot dip o+ crwrUeddirtg in ipndtron^ of fH« Oe Ch#13By 
FDrmDfian ^Portriri or /toni^riftriil Aritontr. tAfror Rgidiap 

193S. i Gad,, 46. p. 925, Bg. 5.1 

fjf>csf> consists maiitly uf sdt-?i?'cd particles earned ni siispeii:^tnTi bi tlic lux- 
bnlencc of aJi- TIicjC partivlos may be transported eODriuuously tn by stagey 
fnr Inag distances in the dheetion of prevailing wimh and iliey accimiulate 
dnwly av an even blanket deposit where they settk aTnimg vegetuticjii and an; 
protected from fiirthiir wind enj?^iOii> Tuo general type? «f loess can be 
distinguished dqx'nding npoji u-lietlier die sediment WaIs derived from oven 
Inadcd streams or deserts- Sandy beaches do not pren^ide a .sonree" of siinilar 
tnntemJt 

'ITic btst-hnowii loess dqmsits occut in North Araericn and Europe and 
arc products of Flcisicjcene gkciatiaii. DuriTig swuima when ice indtcth 
Tivm like the Mjssisstppi were m flo<:id and Uravilv loatktl with miiw^ash 
matcml. In wlntEi, wiiter vtiluiiie deceased gitatly nnd large exprhes of 
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the flood pkiru dried out and were attecketl by utucI ciosion. Pievjiilitig 
ivesterlv liv'iiifjs moved laigc tjuaxilihes of sand and dust caidTS'anI- The sand 
was pi ltd in tluiies upon the nearby lowlands but dust was earned farther 
ant] settled ou tlic uplands to form loess. Adjacent to tJiC principal outwrisii 
valleys liiess dqimits appraadi 100 foci iij thickness at some [)laces- \\‘itli 
distance they bcvciuie progressively tliiiuiei. more daycy. anti finer grained 
until iit last iijos eaniiril be diffeTcntiatcd from otlier soil. Hits loess reflects 
its glacial origin, ecmtaiti^ fresh iinwt^lhetcd tuuicrals. and is abuiidaiitlF 
catcareous. 

Tlic loess deposits of northern Chins, the greatest in t he world, consist of 
diisl carried souihcastwnrd from NTorigofia and the Gobi Desert. As .-Isia 
ford no rkistoceue tonlineufol glacier, this loess was derfoed mainly from 
alUn’iiini contributed to the ikseii niaigui by streams flu wing from the 
nearby motiulaius 'itippleiuented by dtflatioii products of the desert sur- 
bicc. Wind erosion m'd sorting in the descit are still at worl;. Belts of dimes 
are grovving, and much dust continues to tic transported to the Ycllnw’ River 
valley. I./scss is no luiigei acciimltlating, liuwes'er. bK:a]isc agriculture Iras 
bared the land and etosion is luw active m most areas. Chinese loess con¬ 
tains liis fresh uiatena] llum American loess and reflects its denvabon horn 
moie iiomiiilly wealheicd and eroded rocks. 

Soggestioui have Iweu made tliut some loess is not culian hut alluvial or 
mollified alluvial rwaterial. Hih certainly is nut tme of the great lire's de¬ 
posits jiisidisruiicd. No ilisctjvcry of pre-Plcistncenc loess has been rcporterl, 
but thu is not sniprisiiig because ihui Ifjcss layers pTobably conTd not bo idrai- 
tiEcd in ancient sediments ;md most loess profoibly vwiiild be reworked be 
fore fmal burial, The possibilifo exists, howcvti, that some clay partings in 
coal liods arc coluiu and .iJciii to loess, 

Fiue pvToelastic iimtciial is ciirntd in the ju tike auy Other kriid of dust, 
ami luff rkpi>sits ate coiumon m niost volcanic regions. Many tuffs, how'- 
cvra, appear hi liavc been revvorked amj ilqwsited iti water. Tsamples lliat 
fotvc not an: rare among buried or cnnsolidated strata and are uncertainly 
identified. The votcauic lU^in iif lieds of fouitouite .iitd nictalietitonite dat- 
irig Hs Far back .is tlie tJrduvician Period lins bteii establislieil by the ptes- 
mte of shards of vok-ariic gLiss, but gcntrelh they are associated with Diariiie 
sediments and arc undoubtedly watcr-luid strata. 

LrHoftil Environment 

Hie vvnnl fitloruJ. referring fo the ^liore. Inrt not been defined ctinsist- 
ently. It is used luae to itkriHfy associated eonditinns and dEpusjfo cbaiac- 
tcnsric nf positions close above, bui more geiierully efosc below, sea levd. Lit¬ 
toral deposits are tiansitioua], The scdirntntv bid down iu tLtm share some 
of tfic features ot maruic and iiou-iuaTine deposits. 'Hie main types of lit- 
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tcraJ sedimaits sie deposited tu or oa fl) deltas, {2} ligoom, 

(?) coas^JI tiHirshes, (-1) estmries, (5) benches, mid (6) tidal ll-its, aud as 
(7) ofchortban, 

Ddtaic Depii^itmn 

Rivers cany enormous quanbties of sediment into the sea and build del¬ 
tas that fill in large areas of water and convert them into land (see Figure 



Fl^ufE 62 . Mop oF pPii oF ths MJliiujppI d^lta iliwlng relafLcnt ol iadimeoti fa 
jfiouthi of diitribuiorfsE. and depi^ woTor, lni#P b a ivaniYttr^ p^i>j9 i^fian 

rough o djli^ilbvtnary b^ond tl^ff Tiioin dbflo ffartl. Tfln ihon front beiaw 

tipvrard <T> prtHdeftO monne wind, (3) pra-eiHita mnrinn day arifwlaling mo^kirt delta 
growth^ and i3) d«iiolc dppoiiri mtrikfsFig of lilly tkry and on cEangoled bo Hike lond 
body bulit fay Ih* dbfrlbytory. tAhaf Flfb ond ofherSf Jh S^jinnnf. Pe/to/., vok 24 , 

p. 77, fvg 1; B7« fig, fiji and p, 9^, fig, EU 


62). Deltas commonly have bctti desictibed as cousisKng of regdarly sncces- 
STve bottnm-set, fort-set nnd fupset btd^ but the great marine clcHas that 
are growing and iiJso those knmrci froni an dent sediments generally 
do not have this ideal fotm. 'I he thcorebcal pattern of delta giowth rarely 
actuaJlv ffcciijs because (1) rclativE sea level has lieen iinitahle, i2\ most 
deltas luv-c been built into siailov water, and fl) waives ojid cunmta 
ni!>dih della fonu. Relative sea le\d that lias mcilbted with tespect tn the 
upper surface of a delta Ims iuterfered with the development of top- 
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scl bedding. Shalltw offslioie water agitated b}’ waves and enrtents ha^ 
spread scdhiiettt far and wide so that frite-set beds dip very gentis at most 
plares and there tt little or t\a clear disliiiciion between theui and bottom- 
set bedding. Most Lirgp marine delta) possess upper .surfaces that rise ver\' 
gciitlv landward and subaqueous pttensions that dip cqiialJly gently nut tn 
sea. 

Most important rivet s>'st€n]S are relatively stable for long periods of time. 
Tliey fiiUow and maintaiu topographic depressions Itading to the sea, where 
sediment b delivered conttnuoiiily to restritteJ areas and enoniious deposits 
accmmilate, Tlie best tnown areas of this ty^JC, the Mbsisrippi delta of 1 .aju. 
uuana and the Rliine delta of western Europe, appear to lie subsiding ilowly. 
'Hie thicknesses of strata and the present position of shallow*-water sediments 
deep below the surface are good evidence that much subsidence aetnaTly 
hns occurred. Probably sedimentary' loading lias been important m the con- 
tinuatioii oF tliis niovemcuL Strrface sinking, hower'er, also rrfects progr^- 
sii'e cmupaction of buried sedinieiii, and the relative imporbince of these 
two tactors at present is unknown. Ul any case the delta surface is unstable 
vi’ilh lespcct to sesi level. It alternates between slight building up and sinking 
so tliat sboidines here and there shift back and fortli. In an actively growing 
delta, deposition pre'vails and as the jea is giadtially filled in, the coast ad- 
saiices seawarcL 

Similar conditions stern to have controlled the growth of latge deltas in 
the past, hi this way the Cabkill delta (Dcv.) of Pennsylvarna and New 
York grew westward in a subsiding area. Tt consists of sandy sediment de- 
posit ftl in very shallow water and is capped by tiou-maitnc deposits. Ttic ma- 
liiit strata grade if regular! v westward into finer-grained arid somevi'bat 
deepci-wuler scdimeiib; (see Figure 159, p. dlT) wIioh: even bcddhig iiidt 
cates that they were not affected by rtroiig wave or current action. Some 
other ancient sandy sediments neither ccbibil delta characteristic) not ate 
known to be connected w'ith strata of delt.-i type. Scs-ctal cvplanntimis for 
them can he suggested r (11 Associated deltas liave been destroyed by ero¬ 
sion or are buriefi where they cannot be obscivcd. (2) Sediment si-as de- 
Iwered by small streams in quantities that did uot match the dispearee 
power of waves and ctnrenls. (1) ‘ Hie sand was deposited nu inly above sea 
level on a broad low anti very gently iiiclinC'd coasts plain. (4) 'lEe sand is 
reworked sediment deposited in a tnmsgTesrivcsea. 

Deltas arc not exclusive features of the miiTgin of tlie sea. 'Iliev' can be 
formed wherever streams deliver sediment to a body of standiiig water. 
Manv deltas occur in lakes and if they developed rapidly these are most 
likely to show thtwreiically typical delta structure. Tliev are sinall, however, as 
compared to thedcltiu of great rivera that reach the sea. Lake deltus may be 
completely destroyed if lakes are drained. If presened, few of them are 
large enough to constitute proininent sttatigiaphicfcltnres. 
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Other LittcTtjl 

Se^Tinl special i?:€d types of littoml dqiosits occur ^is^iocktcd u ith dekns 
but they alsct are fonned in other situstioris. If iJiey esm he inecognizcc! in 
ancient sediments. lhc\ sen^eto locale sliDtclmes. Mo^tlv, hEitkCrer, such de¬ 
posits are likely to be teslticted ^ncalH' and thm, Alsa they^ aie especially Mib- 
iect io ECuorLiiig m complete dcslructkm along unstable cf3^a^is, Consc' 
queiitly, mnst litbiiml dqK>sit¥ other thiin deltas are relatively unimpartEnt in 
stratigrapliy and many ar^ difficult to identify with ccrtaintv- 

Gfiastal lagixms generally are rather small bodies nf verv shallow water that 
he behind barrier? sucli as spits, ti^ars, md islands buili bv lougsliore currents 
and organic reefs. They are connected witli the sea bv narrow Lidiil channels. 
Unless iniportint entn: the lagoons, abnost all seiliniciit carried in- 

by the tide and consists of makrtal that lias lieen sfirtc<l to some ex¬ 
tent by H7IVC airtbn along the open eoast. In sudi protetied sitimtiDns, 
relutively imiinpartaiit and cimenb? are ^otle except in and near 
the channels. Sediments deposited in bgfMins coiumonry are piaded from 
sand in ehonnels to silt and progressively finer mud in remote areas, but 
othtTOisc sorting s^enErally ss poor {see Figure 6?). 

I'he water in lagoons is likdy to diUcr in salinity from the sea and to var\» 
fnirn time to time dependnig upon the local elmiiitc and wliether or not 
streams flow inlo them. Consequently many iagnoiis provide 4 n inhospita¬ 
ble ctnlTDniiiEmT for j YariLty of marine o^g‘auism^, Some modem lagoon,y, 
how ex er. support thickly populated batiks of ovAtm that arc adapted lo such 
conditions, and a few species of biirmwing anitrials may be abundant enough 
to prevent the dcselopment of bedding in the slowh accumidiiting sedi¬ 
ment, 

Coastal lagoons are hcL likely to be numerous lii landlocked cpicoiitinen- 
lal seas, wbete longshore current geiiemlly are negligible. T\m mav occim 
bmvcvcT, behind urganit ri^ef.s. Because iiiiporlaut lidn art lacking in bnd- 
[rjcked seas, circuljitiun nf wiiteruf nonual miiriiie ^jiHntty may l>e reditccd. 
Lagoons ,iTe likely id Ik lanebeh Id Tirarh fresh in humid c hiTiateF^ or super 
saline in arid rcginns, where ideal conditions are provided for the de\tlop- 
men I trf e^ apEirife deposits. 

Coiistai kgnons mav grade bterally into or as ilic} art tiled, he con- 
vLTted lo niiiTvlihinds, Abes marshes occur aluug some Imv enacts wliae salt 
gt^ss and other hilaplijUc pknt^ mv-ade slinTlow water wiUmnl ttnifinemcnt 
ficbiiid barriers, as iu marign^ivc ^iwismps. In these sitiiatsf]ii^ clsiTV lediment 
liauspjrted hyven- gentle cuntntA fillm thmiigli liic living plariL^ and is de- 
pisiled with mnieof less (Ugiiiiie miitlcr 3 % rkrt-gray or h]ack niud. fl little 
sediment is introdiicctL i^eat tiijiy dcv^lnp m some hivoiahle areas. Lite Cicta- 
ctniTs coals of the B^-nak Chffs region of eastern Otiih and svcsCcni Ccilorado 
appear to have jiccnmiibted in coaxial sw'timps behuid sandv bariiet beach 



Figure 6Z, iMi3p cif pari of Gulf roaif rtDor Rockpart^ nhowing iHe d'utiibij- 

fmn ai wnd, wit, and oyirirt bfmlll 111' bahind bnrfrflf iibnd*- ^ram 

Sh^pClfd PJid ^ppre, 3 955, &ufl -Am. Aitetc. Pelroteum Gtof., foL 39, p. T4B4^ fig. 15^) 


tidges jjid prttbably Ttcard eiLvuuuiiicnt Tcktcd tn tbih- type- ^sce 
bi^ure >9, p. 1^). 

Tidal flats occur at many pl^a along gently shchingco.tst5 %’htvc slullow 
water reduces the effectiveness of u^ves. llicy arc csiKXjally pToiuinen! lU 
the moie sJjcltered parts of Imys. Sedjiueiit dqxisitod m siicli flats* partieib 
Iflfly near the luotitli^ of vaiijs tmn\ sand to mud* l^oine sortmg oc- 

cim and ripples may he cThmsiv'elV developed. Wliete deposition k mpicl a 
peculiar tjpe oi ^iiiiill-scalc inteflnyemigof iiincl and mud occur. Similar In¬ 
terlay cring in andeut sediTiiciib lias been observed and it may record an en- 
vironmentof this li:^]ld. If dqjosition ts slow, Inirtowing mrimali cmmiiojily 
dcstTov most traces of the beddmg. On the whole, if tidal flat deposits are 
preserved m ancient sediments, they probably cannot be distiiignished 
atmJy from lag<j-->oal sedunents. or sands :iiic| muds deposited dsewhsre m 
vm sh^lkiw,iaiily quiet water, 

Cstuaries ^ diannti^ in which Uie tides ebb attd flovi' Some are tlie kiwer 
COURTS of rivcR or *iriialler straruv, hut citlicti only conduit water in and 
out ot i:iya 5 t;il ^wamp*. or acfov> tjclul flats. If-vetlfnioit is birmght into c^lua^- 
ios from the laiid+ it moved bac_kward and forward repeatedly and the 
finer maternal is giodnallv earned out to sea- In csfiiirie^ that ate m mom 
than iwftmp dniiuagc wiiv% sedinicmt may be earned inward from flic sea and 
the finer fnateml at tlic slack water of high tide among the swamp 

plants. Along a luhiidmg coast, 5iie sand and silt msv sctiimukte m estuar- 
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les and build up ckuind d^fpaisjt^ ver>' similar tur those formed hy slranij 
in other situations. 

Sand or grave] beaches are present along a large pTopoTtiDU of the sea¬ 
shores of the M'otkh Dicj- are the products of ^^^ave action and mark most 

open coasts except where roetj’ diSs 
occtrrorlaT^ rii'm deliver more icdi- 
ment to the sea than cun be dispersed 
b)' w'avei and tummh. Genemlljr diey 
arc naiiow slrips, and thciE details aie 
unstable and change with eveiy 
storm. Waves \vitiiiow out the finer 
sedinieiits, which are carried mto off- 
sl^ore water* and move coarser 
patticlcv upward on tlic 
beadies arc uKist ccrmtnOTi. l hcy con¬ 
sist of w hatm-o- materia] is artiikbfe 
and supplied by longshoic currents. 
Generally quartz sand is dominant 
but liiere are many cscqitioas. Some 
beaches have only calcareous frag¬ 
ments derived houi broken shells and 
coral; othen consist of volcank sand. 
Gravel may occur abundantly alorag 
rocky coasts or where stTcams r^ith 
sleep gradients detiver pebbles to the 
sea. 

Most beadi deposits consist of corh 
spicuously cioiss-htddcd layers and 
show evidence of tnucli localized cm- 
iion and deposiitiotu Cross-bedding 
may dip dtlier ouLw'artI or inw^ird 
from the coast, generally dcpcridrriig 
npim whether thse struchnes w-ere 
built rcspecth'dy on the fortshor^ 
bet^'^'een high^ atrd low-tide levels; or 
on the faackshorc that is sw-ept by the 
strong w aves of stomis. The bc:achE;s 
on many w'iudward coasts arc fringed by dunes ct msishng of sand hhwvn 
niland from tire shore- 

Bcadi deposits ^ tiuUkdy to be preserved to aocient sedroitnts. Along 
rising coasts they genecilly ate dcstioyf?d or greatly modtiicd by ertrsiun* luid 
on ^ub^tding coasts they are sum to be lewwked. Some lung narmw sand 


44 . PaSEogDiQgTQphfc map ot 
QrcD near tfve lUin iJplB line 

ihowing linfeited cowiJjjLoni during eurfy 
OP produerng 

ftAm BvrbaFtk lond atv thown in biack. 
They QfA latigrtAd h ittitdi suggexiive of 
ban lllu then* OCnaiTTfig plong 
semu miideiTi iKQH:]e^. fAFfEr «nd 

Olh*n, SuJf. Am. Ajjanc. P^rrolturni 

OmoL voL 21* p. 60, fig- 15,1 
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bodies of the shoestring type hz'vt been Interpreted as bt.'^ichcs (see Figme 
64) fc. but sudi identification generslty ss doubtful. 

Offshore sand bars occur along most ‘beaches. They ako are built by waves 
iuid tbcj' form at ur near the line of breahersK Like beach structure^:, iKirs are 
unstable, clianging frooi Mrason to and Emin storm to storm. WTiefcas 
they arc smt to be destroyed iind thdr sands reworked along coasts that are 
rising or being built outward by depositii^niT they may be preserxed on sub¬ 
siding coasts buried beneath later sediment. Some aboestring sands may be 
old oSdiore bars, but the differentiation of bars from stream channel de¬ 
posits in aucieut sediments is likely to be difficult* 
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others,\l. N, lx:vct, and U A. l^wcmslani. 

Tctclieit. Cult [19=!SK Cold- and deep-watei Coml banks. Still. Am. Assort 
FtflrriicminCcfoI^ vn1 42, pp-I0fe+-li)K2r 

AhmitLiiit modem tonils Opnii hi un cri\iEOiiintnt didL-rtait from tlial as- 
siimcd to be indicated hv ancient reels. 

Trast, P. D. (ed. l (I9>5 l Rjxoit ruunne sediTnimb,^ a syniposhini, rtpraited 
from m¥) edition with addjtioii of Statement ol ptogtess in sIndies nf rtcent 
scdlineiUs, and bibUognipliy b} P* D, I'rast, Sue. Eoon. Paleoin 

and Miiicr^ Spec. Pnbt. 4* 

Tinrt)’four papers arc dernfed to (1) TriiTisjKrrtsdTi^in, |2i Rdalmn of 
occaDugmphy to stfdimctititinn, (?) Deposiiii sttiockited vtrimd Ime, 
f 4 / Nc'ar^hoTc scdbtitiits^llQinpelngic dqiiisfb* (>) Fckgic deptAib, 
i6\ SiKcial ftditifes tif scdmsciils. and Methuds of study ^ 

TMt.aiIuifcL W, H \ 19^7 J* Km-imninenti of tnigin uf black shales, fluff, -\jn. 
Akix*, r^froiimin vul. 2 ?, pp. 1176-119S. 

Blai'k-shak fon 113 lion vvas rtLiled to lack of oxj^gai mosLh iu sliiiHoia, tidc- 
less, landlocLrd purtiotis of l!ie .sea. 

Twenlitilel. Vy\ H (I9yD). Pfinci/?fcs of s^diment^on, 2nd cd.. Ntyv York, 
McCra’^’Hilt. 

Origin, ttan»ipint 3 tion. deposition, and environments nf sediments are con 
sidcred in Chaptm 2 tn 4 and 6, pp. tO^I6fi and I99-Z3L 
Twctihokl- \\\ th, and coUiilKinilurs Tretiim on iv-dim^tutiQiL, 2rtd 

td.. Baltniiorc V^'Iilimn? and \Vj]kin^. 

Chapter 7| pp. 7H?-S71, discusses dcposidonal cn^iroirmcnts. 
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Paleoecology 


Fossils are of great v^lue to stiatigiaphy because { 1) they aid in the corns 
ktimi of strata oaairringm diSeieut arcts (coiividei^ in Chapter Ilf, (2) 
they' furnish infonttation regarding the dcposih'otml cnvimnnients of sedi¬ 
ments. and (F) tkidr preservation indicates some of the conditioas and |}ioc- 
esses that icsiiltcd in post'd^ositrnnal altemtion of scdiniLCnts. 

The relations linking ot^nisins witli environments are the suhfect matter 
of ecofogy. Thjcsc relations can be observed directly in the case of living or¬ 
ganisms whose reactions to diderent environments can be mvestigated. TTiey 
are cscctdingly complei, however, and even after long study, uiimtainties 
lemain regarding the influences and relatb'e importance of some featmes of 
the enviionmciU, PulcoccoTog)' is the study devoted to the relations of fossil 
organisms and ancient envimoments. Here no fspcrimentatimi is possible 
and even the general nature of some environments is not obvious. For Uiis 
reason paleoecology involves the coiisideralton of many obscure and pt»riv 
understood cunditiDns and teactions and only recently lias it becnuic the 
Eub}CCt of serious investigatinn. Because so little b known about it^ the study 
of palcoccotogi' provides an exceptional oppeutimity for finidamentaJly im¬ 
portant icsearcfL 

The hiterpretation of paleoecology is dqioidcnt upon evidence tlmt is 
[1) phj'^ical and fZ) biologic. Ibe physical aspects of sedimentary deposi¬ 
tion were considered in Chapter ft. and this chapter is devoted to tlit biologic 
aspects. Tliese two genera! aspects of ecology am vay closely related. In their 
study cadi supplemeuts and serves as a check upon the otlici. 'nje biologic 
aspects of paleoecology ate especially important because {]) orgaiiisms ate 
responsible for Ihe pmductiun and mrrdihcahoii of much sediment, and 
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(2) generally arc a more ddkate index, to trariittkms in enviioa- 

mm I tloin ate ttie physical chataciers of sedaments. 

ENVIRONMENTS 

An em-iromnenl h a combmatiun of mutuaily intcractmg physical and 
bblogic coniiitiam. it m not ^omethiiig that can he seen although some of 
its factors arc viiible or meamrablc. As a uholep a paleoenviioiimcnt can only 
bemfoTcd from its TOulis as these are orhibiled in the iom of sedimenbary 
accntnnhiticTns and fos$U a^ocialions. Because the adjustnicnts of or^an- 
kms to thciT enviKminenb are so hitimate and specificp the distributions and 
associations of fossil plants and aiumals reveal many differences in envitnn- 
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Tiguffl Dicgram ihcwin^ rile reijaKvfl obijridcm™ taf i«vgrol brochJo^ 
pod g«i#r« caFtKfvd frqm iiweaiW? lonet of iKp Flofvno Shob (Penitr] 
m a toMilTy fn ^ceOviti Kofi^ps^ hi baud ppofii wigi^N ol spadmtfcfEi 

lorallng 100 pircant far vech gtinm.. Tb« TvlaHv? laigl dbundanev of * 4 Xll 
by w&Egbl h indiCOtad by tlifr WidHi of Hie yppif horbiMitd baf- 
Wo'rghitx wro ti%t6 initaod of caunlm btcouio many ip^clmani Wtt* frag- 
fliflfilary,, Drffrwvacn m tbo abufKlanw of aoncra ki todi lo^iei oi 4^ A 9* 
and t1 Indkofv no1 ifrvHled by any fHtvre^ of 

th« iMtlmant (Aftvr Imbrtai, itjft Am. Aj^dc. Pofrofiuin Geoi^ wl, 
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that are ml cleirlv ludkated In any othef evidence (iee Figure 6^). 
fn iiiteTpret;ibc)u, grtat cmtr mitU be tuLen, liow's;vei+ to tbc miicing 

15 f fiom diEfciCTst 3uicct;:eciiug T^^ites each nt whiL-h may ton Jam a fassiJ 
assemblage T^ith ^ornErsrhat diffeTcnt cii^ijDninejita.1 implLcaticms erijn though 
the strata are practically identical lithologically. Almost eveiy' fitmLigrapliic 
unit tinless it is a verv tliiu or restricled one, is likely to coiiPit^t of - 4 ^ ^arscly of 
such 2otiC5r. Tin: biologic cltaractcr of a complea unit, tlicreFcrc; is the Him 
of tilt; lUaracters of its sroncs tocI consequently it is a rnkturc, Siicb a inurtiue 

almost certain to present a liistorted and confused picture of cletniJed rela¬ 
tions whose hiologic inttrpnrtatirm is difficult or impossible- 

In palcovcolfigy. as iu otber phases of geoSogi,. tlsc |3Ttscnt is the bey to Ihe 
past, Tims atJticul environments arc interpreted in acconiauee with what is 
fcnouTi nf modem odcs. Tile grout ma jority of fussib acciiiimlated oiitlcr nia- 
fine conditions, hul luih/Ttiiiiatdy marine eiO LKuiuieiits ait less acci:5sible 
jijd uinrc difnetrll to studi tliati terrestrkj ones. Any ccologic imalVTib of a 
nioiiiic fas$il biota, tJiercfrite, is greatly handicapped at tlTtr vei) stmt by the 
cnmpanitivc Liet of reliable anologics that can he drn^n upon in its com- 
pan^Tin uirti modem cfSiTnmunities. Furthermore, 35 fossil assemblages of 
grtratcr and gicattr anfiqoLiy arc considered, the increasing; span of tin it sep¬ 
arating them from tiding ones rcndCTS the available jualagies less tmsF 
worthy. 

Lithologic Evidence 

The degree to which litJiolngit:: chametcts suggest cnyimnmental details 
is cstTCmci} liiTiited. For esaniple, many sedirnents without fossils cannot 
be identified as eitlier nmnne or non-’m^riiic with complete certainty. In 
some ea^cs (tjc atfueous or ctilinn niigm fif a sandstone may bt doubtfuL 
Abtip fpr the mufiit pub litliolog}' IndkatC^ euvinmnieiit only whOc dcjHHi- 
tion of icdimcnt wtis actualIv in progress- ITius. although shale 
turbid water pind a Mift miid lsnttom„ tnrbidity may have l>een intermiMerit 
and dnniinantly clear svaterruay have been rniled for comparatively short im 
tervats of time cxirrc^pcmding to heavy Turnfall on nearby laud, qi to vvave ac¬ 
tion FEsnlting fmn> e^sccpHcmally strong Vrinds. Tlie bottom, afilaougli 
muddy, may liai-T: bceiJ nrlahvTty firm or it may have been flnored with slime 
so soft Lliat it was rj|sablc of stjpportmg only the tiniest orguniRnii, SancF 
SitoiTC siigge.fKilijlIow viatcr and appreciable cnrTcid action^ but sand tan tie 
iiatrictl into deep water and dcpuvitimi may have been ilow, nipjd^ or dis- 
tindly intermittent. 

Limes tones a EC the least midcrclood and in some ways the moist puzzling 
sedimentary rucks. Granular beds consisting of disorticiijatcd or comm muted 
organic fragments suggest an environment simikr Ui that of sands tons:, 
S\ic\i materiaL liowc^^cr, is rarely of tencstrial orupn. It can be formed and 
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acccmuLile m or near wattT far fruni any ^ttIimen^p^CJdnc^^g land, 

iitilc h knowh contmiiiig tie origiu of eifitremely Gnc-graiued liiiie- 
It migJit have bcx'fi pttjdiiL'fiJ by i 11 iniiitite fragmeiitatkiiL of organic 
debrisL, (2 1 secretion oF fstnictiTTcic^^ iiiafienal by algae or other organisn^ ot 
(? 1 direct precipitation resulting Ftijui cithci organic or motgimic processes. 
V'erj^ icw firae-giaiiied limestoDes arc suspected of havuig been prsxluccd by a 
decrease in die cti'stalliLiiEv of on finally ctiatscr-grajiied material. Fine calcat- 
eons pediment rnay have been produced locaJly or tmisported an uppreciablc 
disfmicc- Proli»ab]y titaijy fine-grained limestone? consist oF mataiai A’ariousiy 
productdi derived, uttcI ttunsported. All of tbmi ceiiiahily do not record 
closdv comparable cnviTomncnts. Finally, the soluhslity of Qlcimn carbfjn- 
ate makes recmtallizarion and the original parhclcs of many beds have 
been so alteied that thciir ongioal nature is obscurerl if not destFoyed, 

In spite of their many deficiencies, sediments fumisli more adetjuntE in¬ 
form nthui coucerning andent Ixittom coaditjons I'hnn any other physical 
fcahnt Ilf tile crnimiimenL If all of ibe lietaik of ^edimentan djageneiis 
^vera Tnider^fo^KiH which iinfortnuately is not so, the original condition of 
sediment That now crests as consolidated met canid In: determined md this 
important cmiTr^nmicntal feitnre would he known. Other equally impor¬ 
tant Environmental factors sucFi as depth, tcinpemture, and relative salinity^ 
are not ecjuallv ictorded in die common sediments. 

Biologic Evidence 

Aldiougti most -icihmeiitar)^ reel s are c^rentialLy triifossEliferous, tties re or 
tc 55 ahmi^nt spetimeus occur in many tnatiiie strata. The presence of bra 
eljiopirds, echinodefm$, corak, cepltulopods, and repfcsunfethes of sonre less 
ini)>Qrt3nt groniis, none of wlrieb is known ever tu have included any non- 
marine species, generally is cxtcJlent evicknoe that the cncIcHing strata ure 
uonmi marine dcpCMib laid down in a basin ctmnLTted with the peniianeiit 
ocean, 11 should he recognized. Jiowevcr, Ujat if non-murme species did oe 
CUT in any of thwc groups at some p:ist rime, ilidi difftTences niiglit not be 
discF>vercd_ Noir-nuitine fossik art niudt lesv abundant than imuiiie; ^nd 
tiosi-iiiiirinE: 5]ietie5 in same graiipi, sulIi the ptlce>|K>ds and gastropndv 
tlijt inhabited hotJi Emircrnmcnk, generally cuuind be differentiated iiuJcss 
their niltur^ll Lissucmtion with oilier tettauily nun-ioariire species can l>c c^- 
tshlishetl. ConscqucTitty. few invertebrjlc fossils are useful in identifying 
non-marine deposits. 

'Ike uccinrcncc of vcrtcbratc^s. except fish ami other obviously swimming 
crcatiTTxx gCTiemlly is gtiod evidence of terTeshriiil depiisition. Laiid-plunt fos- 
nils are not quite so reliable iiidjcarioii^ of non-marine conditions, Steiii$, hits 
of wood, eh^fcoa], and spores may ht carried long distances from land. Al¬ 
though tjol cunimmi^ they have beai found in almost eveiy^ kind of ^edr 
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Dieutaiy rock iiiduiling typioil (iiarirn; limestone, Dditule ieavesv hmim:rp 
are not lentiily tin n sported without Sijrne, probably derived from 

nearby sources* aie preserved in Tnarine or braefcisb water sedimeDfe but oidi- 
jtarily tliC)' are: u reas^juably good mdex to non-manne strata. 

Brackish-and frcsfi-water invertebrates are more difCcult to identify. Many 
braefcish-water assemblages mclude some species that jerve to iormcct them 
with the naniLal maxme enviTtmuieitt. Certain iraositional species of this 
kind eshibit various featines of aUnomral growth inch as distortioiu of shape 
or dwarfing. Krcsli-water arc wholly lacking in typically marine 

species altbinigh few spcdcs may occur in both brackish- and fresh¬ 
water depasits. Mai^iy Tcrtrary molluscs appear to be closely related to liv¬ 
ing species that similanty of habitat can be inferred. 1 hus normal marmc^ 
braekyi-and fie^h-w^terTertiaiy strata may be recognisable and pislmomte 
smib may idoitify teireitrol conditioirs, llie kingship of older fossils with liv¬ 
ing spccici, bowev^cr, is so remote that most anabgioi at this type are tmeer- 
tain and unsafe. Faunal transition fmni imniiat miiTine to highh ^line coo- 
ditiom ^'neiallv ii characterized by a rapid dectica,^: in the number of species 
without the appearance of differmt ones to replace them, Abnomial growth 
of marine species also may marie the beginning of a transition of tliist kind. 

A cajJO in point with lespcct to uncertain Ev couceming the mterpmtatioii 
of foiails is provided by Faicozok reef corals. These are parHculatly abundant 
in some Silurian formations ami they extend into br northeni ccgions (^cc 
Figure 136, p. Tiidr pitscncc at such places has been accepted as 
evidence of iubTtopicuI CDndiHons on the assimipUon thai coral distribution 
at that titiir W’as limited hy a rnmimiTm temperattue comparable to that 
which marks fbc noTtbem range of modem reefs, Tlicre are other good rea¬ 
sons far eonclytiijig tfiiit PaJeozoir climates generally w-ere tnild acid tinj- 
forrn in coriipuju^on w'ith the present but the dratviiig of a close prallel lie- 
tween factors liniiting the growth of trials in ancient and in iiii^cm times 
h not ^vaitaiited. Paleozoic rtef building corah are prof nun dlv difftienL from 
modem ones in niaiiy of their stinctnra] characiers and paleouEohigisis das- 
rify tlicin in .i wUnliy difierenl and only nmiutely related gmirp, ! urtbtT- 
mote, irfime modeni corals grow ahuiuhintlr irt deep cold wafer and ancient 
spcdicsi may havie l>ecti adapted to similar conditions. 

Benthouic organisms provide the Iicst infonnatiori canccriiing seditiien- 
faiy environments. They' may be dnided mto two groups; [1J. the sessile or¬ 
ganisms incapable of moveiiiejit ilui [lass a sedentary existence ttpon or at- 
tiLcIied to the boLtom, such as brachiopods, biyT^zoans, cotfiIs* and crinoids, 
atnl f2) tlic more tu leas v“agranl cfohircs fJiat hibitually mov^ abmit, nr arc 
at least capable of moving, in scaieh of fond and safety, cither cmwling upon 
or burxiowang wilhiii the hoi tom icdinTetib such as mails, cchinoiid^i, tnJobites, 
and many chum. 'Phe presence of planktonic or nektoiuc organisnis fossils^ 
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of coutse, provides little infonnahan legaidiag depositionnl cusditioiid oo 
the bottom. 

Much agitated vot shallow watti. particularly ueai sliore, is the chnmc- 
teristic habitat of a great variety of both scssiJe and motile aninials that ding 
tightly to locks and seaweeds. Such an cnviniuuietit is not likely lo be re¬ 
corded directly in sedimentary deposits because sediments larely accumulate 
iu situations of this kind or. if they do, they are almost certain to be de- 
stioyetl later by eroskm. Organic reefs arc tlie principal exception. 'I'be re- 
maim ftf aniuids that thrive under these rtanditions, Lowever, may be trans¬ 
ported to ati adioining enviroumenf and picseived where deposition does 
prev'ail. 

Few sessile aniniab can live m situations where deposition occurs at such 
a rate that they would so«u he buried. Neither ate tliey likdy to prosper on 
unstable bottoms where sediment is actively moved aboul by cuneots. llie 
prince of fossils of this kind, tlicrefore. generally indicates an enviranment 
deq) enough so that wave disturbance was not severe, currents were not 
strong, and deposition wa,"* not rapid, They are most characteristic of calcar¬ 
eous ihalc and limestone. FauiLis of this type may have lived briefly at places 
w'here the cnviroumcnt was generally unfavorable and be preserved in thin 
fossilifeioiis zones enclosed in strata that contain few fossib m are barren. Fa¬ 
vorable conditions abo pray have been intermpfed briefly by c^t.^ 1 t 10 phic 
rapid deposition that brought sudden death and hmial to all members of a 
commuiiiLy, 

\'agniiii animals have a wider distribution. They occur associated with 
sessile tiiTJes bid arc capable of living where deposition is more rapid and 
bottom sediment arc more disturbed. The species of these two goieral cn- 
viioninents, howes'ei, are difleieut. N'agrant creatures are the most abundant 
ctraspicuoos beallioniv inhahitants ofshuUow-walei and iicar-sliore vituatfont 
in which sediments accumulate. Thdr fossils may domiiiate (he silty ihales. 

Every species of organism is adapted to some preferred envitonment 
that IS more or less definitely limited. 'Ibe enviiunmcnt is not known ae- 
curatdy for most fossil species, but generalizations can be mode with respect 
to many groups and types of fossils based on observations of their occunence 
iu tlie rocks and by aii^ogy w'itli hving oxganisms- Tliese generalizations are 
varhuitsly useful in the idcntiEcatioii of palcoenvinunncnts. 

Lirrtd f’Lrnts 

Most lund plants poisess well’differentiated roots, stems, and leaves. They 
arc the only plants that ate presmed ay abtindanl and conspicuous fossils. 
With few exceptions, they Klcntify terrestrial or fresh-water deposits, Pctails 
of celt 111 ar structutc. if these can he obsen-ed. provide isfomrution with re¬ 
spect to some features of clmrate and may indicate wiiether it was wet or dry. 
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equable or luark^ by seasuimj ettiectiei, Tniib and n.-pinpduotivc organs alMj 
suggest euviromueuts l>£caui^e tctjidTe much minstnre but Jtc 

capiible of gertiimatiug in fdiitivcl^ iln Moit pljuiii prt'^vcd aj 

ftfflsils gresv io luiiS'biid V'ety little i^ kmi^u nf upland Boras in perinds 
oldet tkaii iht I'ertiaiy bccnuic scxlimcnts Tarely accumuLlei! and wene pre¬ 
served ui sudi pbees. Envirciniriieutal interpretations based oii loseland florae 
of couiTie do Slot apply to o I ho- tmes trial regions. 

Planktonic Plani^ 

Ail pelagic piauK arc planktonic, [uml aic luictoscDptc, and^ except for 
dblom-V. few arc likely to lie fossilized, lliey aie sickly dwhibutcd in both 
fmh and ^It wntcr, FossiU are not cuninioiily obsm^d* however except at 
places ft'hcnr dctriKil sediTncntation waA \tf\' dow and their remains accu¬ 
mulated m cnojmotjs numbers. ITiese fossils gi^t^ little iiifonuation abciul 
sediinentflfTcondiEjoiis esetpL Co indicate ihaf dcpositioii probably was. dowv 

Ctr/fWCTus Aigfiie 

I'hcic bcntlumit: plant? reepure shallrsiv, svcll-ltghtcd, and rcLiljvcJy sedi¬ 
ment-fret! wwlcr. Tlicy have been imp^iTtant ns cslduni eailwmntt pmidiicerb 
and iibo as ag^b tliat hind hm*: aslcaretius utultnaJ* as rm organic rceK. 
Calcptcotis arc tartly xceH preversed as fossils hut Ihar Tarutiiis sire be¬ 
lieved to ha?'C identified in Inneiftones dating far haik into the Pre- 
cimbrraru Several type^ of encrusting Or nodular bodies m limestone arc sug¬ 
gestive of Yhc^t plants especially if iiiic"Tt:is;topie studj rcvcais obscure ecllular 
stmctnrt, 

Kdplike Seaweeds 

Molit of llise plants are attached by holdfaiitx to hard objects on tljc sea 
bottom. Some can grmv in ™icr approaching ilHl feet deep but Ecner^inv 
thev arc chaTstleriatic of much shaltcnver situation is, A tc^v break loose imil 
thercaitet IcsiiJ 3 frcc'floating existence. Kelphke scawCGcb do nirt have dih 
feieitnatcd tnic roots, stems* ;tfid and are pooik suiicd tn pmserviitiim 
^ fossils Some so^:allcfJ hicoidal ritmetntes hate been jdcntiiied doid)ttnllv 
as teaivewk. In modein fluvvcimg plants dominate ^liatJuw Ixittniiis^ 
and the kelps arc fcthirletl inaiidy to haui-lxittcitned or ^timy lutii?. Algae 
litmus t cerhitnly ocnipiLtl Ixdh cJivimnments, buwevo^, in pTc-Tertijify 
times befpTc the gfcat differentiation r the lingiospenus, 

Fouiminifera 

'Die protozoans most cniiimonly obaerxed as fossils ate foTaniimfeta. 
Most species are maniic l^cnttionic forms and lUii\ rti: confined to more or 
less definite zone.!, detenuiued h\ temperature, salinity, and lahnx nt the 
bottom f sce Figmr L Ktiowledge of the distrilmtion of modern species 


PAIEOKCOLOGY 


KH' ZQtf 



Rgurt 6d, Diogram ihftwmg prOporliOrt^ cf Jnranrinifefa giQuped bf gflue^a and 
claitiri&d flccofdtrt^ fo envimnfnenral occutTtnct recaveied Iraffi madem 5«jiininh flf the 
G^jlt ol LqIS- TEFtkary ■forifinirTtfsfa tare aCl- ilmslcif I'D rwod^fl^ 0-n*s ihsal tb*y 

fcIl^^y reikiblfe dvidtftce foT ■n^lnonTiTEntnl miP:fpJfllOlJarLi_ I'Gfeoffy limpJifiacf frtSm Low- 
tnnni, 194?, 5iiW. Am^ Assa^. Pe+ra^<i4Jitt Geo/., vol. 33j^ pp^ 1954—1955, fig. 13,^ 

tan b? applied if LUe iTiterpictalioii of Tertiary' enviiriimients Cane must lae 
taken, Iiowott. fjctnuse the imall size ot tlicse fcssils miites their ^I^ln^po^ta- 
tkjTi eusSf md specimens may Ik? fciimd ni sediments that seem nutated in 
situations very difieient from tliose mlinhited by the living nninials. I he 
largest foraminifera. occur fn slialtmv, typicalJy mAiine water of lUe tropics. 
Some species ailliete to sc 3 W'eetj> nr other objects taisetl flbos c iiit siKi bot¬ 
tom. GcncniTIv iltese can be ideotiBed because their shells show evidence of 
attuchmcnl-. A few gcncm, such as Giftftigcrfna, are planktonic and arc widely 
distributed without rcgjird to conditions in deep ivfltcr or cm live bottom. 

Sponges 

Sponges are sessile bcnthanic organisms that rnliabit many diScrciit eu- 
viroiiments in both sballitw and deep water. Most of them occtir in shallottv 
dear-water situariuus, but fwsih ate flbuntLuiL at some places in very- silty 
strata that appear to luve atemiiuJirtttl rapidly. SjWngt fyssiis, however, are 
not common cstept for disarticulated spicules. On the whole they provide 
lif+le environmental mfyiuiation. 


Corats 

Corals are ejcdusrvely matine. They are adapted to a varictv of environ- 
meuts but most of them require shullinv and relatively clear warm water. 
Corah begin Uicirgrnivtli attached to somcltard obfect. Liter they may break 
Iftiwe or growoutwURl uvei soft bottoirii .vcihinciil. Some solitarj lifim emals 
arecottunoTi In srgilbctfim sedimimh, but dcpcwitmii niiirt liavc been slow 
or they would haw smiitlieieil. Colonial corals generally arc mnn? rxtiitrictcd. 
Their fossils ordmarily indicate well acta ted ihalJnw w^ater uncantaminated 
with much suspended seilmieHt. Hccf‘budding corah mostiy arc rcstriclod to 
depths of less than ZSfl feet. Reefs of gr(?ater thickness indicate either hliat 
sea level los lisat or that the reek grew upward as the bottom sank. 
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Craptolites aieextiiicl catly Paleo^itit, colonial fossil; of dBubtfijl ^oologic 
aHrniti. cotmoonly iUcy liavc been considered JiydroM>ans although 
some sitnJlaiity to licinichurdates has been uoted Some mcnnbers of one 
group of giuptnlita were attached to hard objects and grew upward fioin tire 
sea bottom. They occur in various kuids of sedimrat. Little is tnovra about 
their environmental irnplications except that sedimentan dtp€jsitioii prob¬ 
ably was slow, Others were susiicnded from doadng objects or developed 
floating organs, and these planktonic colonies liad wide geographic ranges, 
Tlies'are preserved mainlr in dark shale that appears to record the existence 
of oKsgeo^efleient bottuni conditions Ixdiospi tabic to must bunthemie or^ 
ganisnts, 

Stromatopo ro i ds 

Stroinutoporoids are fossils of anotlier extinct group which are doubtfuHv 
IdetitiRod as colonial hydroids. 'Hiey octur as more or k» large masses in 
calcareous strata, mainly limestone, and mostly of Paleojcnir age. Thdr in- 
temal microscopic structures generjilv btc rmpcrfectly preserved hrit they 
seem to Ime grow’n as memstatiems like some calcareous algae and bryo- 
xoans. and the}’ were important in the building of some organic reefs. Ste)- 
matopnroids appear to identify shallow, relatively dear-water ejivironmenls 
airaihr to those inhabited by cnlrmial corals and calcareous algae. 

Worms 

Marine wurmlikc animals belong to several phyla. They arc rarely pte- 
scTi'Cd as fossils, Anndids are the mnst abundant, and miiiiy of them inhabit 
tnljcs fre bmrows in bottom sediments of widely difleicot types. Worm 
tubes are most commonly obsenTd in Gnegrained sandstones that accumu¬ 
lated slowly. They also occur in shale and limestone but compaction and re- 
crystallization render them much 1m conspicuous in strata of these kinds. 
Some worms built calcareous tubes attached to the shells of other animals or 
to seaweeds. Wonns are of so many diflerent kinds, howevet, and tJre traces 
of IhcircriitcTice are so difficult to diflcicntiate tluU they arc of litlJc service 
in poleoccologic rnteiprelation. 

flryxizodns 

BiTTiTOSiins are tiny sessile colonial animals and almost all that produce 
hard skeletons are marine. 'Ibcir colonjcs grow attached to hard objects on 
the sea bottom, other animals, and scawttods. Most fossil bryozcuus ocenr 
in calcareouj shale or limestone. In Polcoxoic sliaia they are ctimninnly as¬ 
sociated with more or less abundant hiachiiTpods. They prrder environments 
m sliallow, wcll-acrated water without abrradant ruspcndcd sediment. 
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Tli<sc bivalval animals are the mo^t impOT^iiit occunmg in Pale- 

OTOic roclis hut ihcy were lar^y supplanted by molluscs in later time. Bra- 
chiopods havcahv'aplxxn ejtclusivdy marine. Most oi i liem were sessile crea^ 
tures living on the surface of the sea bottom and attaclieU by a flesh}' pedicle 
to some luinj object and also p04sihly to seawards, fn some^ the petlide de¬ 
generated and these existed ftcc upon the bottom bnt were uicapable of 
movenicrnt- In a few, like Ungidi^ the pedicle became spccialiised iii an or¬ 
gan of locomotion and these biirrcnvcd in muddy bottoms or perhaps moved 
clumsily upon the suTfacc. Different brachi'opods were adapted to so great y 
variety of envimnments tiiat fc^v Palcorfioic fossil assemblages oceur without 
repi&eiitative^ of this group. Most btatliiopods. boweverT inhjhhed rcla^ 
tivdv deiif water where die bottom was finu £iiid stable. Tlieir fnssds are 
nia^t -^bniidaul in iiuiLstone and calcareous ^ilisile. 

Pdecy^od* 

FclctTpfjds live abundantly in both marine and fnes^h water. Most of them 
are free miitile animals that obtain then food by fillcmig suspended m,ittcr 
fmm the siTnmtifsdiug w^ter. Many bury ihemsclvcs in loose bottom sedi¬ 
ment or pifvw through il by actioij of their so called foot. After bcttiming 
establish^ in fawrable sitnatimiiH some of them move vei) btUe bnt otlim 
are more or less continiiotisly active. A few can *wiiii swiftly for ^hort dis¬ 
tances. Some lead a sedentuty cxisteno^ bowtrvtrc, cemented to locfcs or othei 
resistant objects or attached by an adhesive hyssu^- Clams of thb type occur 
closclv crowded togctlier in enormous numbers at some pUecs. Pdecypods 
are si^ptcd to a wide vanety of environments and abundantly 
rented ill \'ery ibaDow turbid w-atei where many of hot kinds of <irg^nisms 
Cittmof live. 

Gtfsiro/wds 

Tlif gastropods are a group of highl)- luccesaful anmuJs that mditde w^tcr 
breathers in both nmniic and fitdj w^atcr and aii hreitlier^ niujiy of which 
are terrestrial. Most of tharr arc active altliough they move slowly on their 
so-called fooL Most marme gastiopods live upon the bn! tom or among sea- 
wecfls but some are bunowees in loose sediment. ITie principal food of gas- 
trop^jds Is vegctatioiu wJiich they shred witli a tongue-like organ equipped 
with raspi. Some, houev'er^ cat carriou and a few are camiii'Otoiis and attack 
living pcibeypods. Castmpods occupy riiany maiine enviroiirriimb but most 
prefer WAttn slialliiw' water with abujicLint pluuts. Noo-miiriite specks inhabit 
stTcamSi poruls, and bikes, and tcmcstriji] fcmiEr occur in many damp shady 
situatiom lit iropica! and iemperafe regions. 
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Cephtdopfydfi 

Ccph;il(jpods aR' tlic Tiiiist active and highly organized niolluscs. lliey are 
manEic, Mainly predatm camivoroys aninials^ they ail cun Attain 
cffLttively in pimuit of prey- and to escape thni CTtemics. Many ^hcTled ceph^ 
alopodi that tict LLrn:^ fcAnk piobahiy lived nickstly on the bottom, and dil- 
feneiit species wra adapLi.-d io different butt am cmiditioii^. Some of tkeiii^ 
boiAcvei* evittently nektonic because thdr ^hdh locoJIy are cornnKin in 
dark sediment recnjdmg an envin^nment inhLispiirablc to tno^r t>ctithcmk <R- 
ganisms. Some empty ccphalopod shells float long distances and they may 
finaJly sink and be buiied farfiom places where the creatures [ived. hor Lliis 
reason, and because of fcheii swimniiiig babitSv fossil ceplialopods generally 
are less indicative of euviiaumental coiiditiom than luaiiyoUier auinuLs. 

T ntobii^ 

T'tilubites were exdusivelv nmrnie aidniajs lliat bcojttic extinct ai the 
end of Llie Paictv^^oic Eia. of tliem were bcutbaruc creatmo that 

crawled iipnti or but^o^v^^d ^luillowly in tlie l>ol-tom- Dies amid also swbn 
but pnr>bab!y few them did more tlian skim along the bottom or rise oc- 
caMonolly f^hort disUiuce:^ in the watec. rrilohiles were not equipped W‘ith 
pinching claw-s and tlietefore cmikl not have been effective ptedatcrts, Prnls- 
ably mijst oF fiietrL svctc scaveiigers and surface njiid eaters allhaugli tlurv 
may have captured ipinall dowly muvingcruJtiiTes. TTilobitcs occur iu A-ariOTii 
types of fiTJc-giahied sedinictil, moil of wdiieh to have jc^umiiliitcd 

in quiet wbUt. Sfjme however, were ^daplcd ht tnrbultitit conditions 

on and ndjactnil to oi^nic iccht. As trilobitcs grew they molted repeatedly 
and many of the molts w-cit fossilizjcd- Ccrnscqucntly Eosails iuay sctin to in¬ 
dicate more individuals than actually occnireth 

Kiirypterids 

Eiirjptcnds luclnde the largiest of the arthropsjds and tliey ha>c been 
exceeded iii size by hw inviettebuitcs lidouging to other pliyb The\- 
w'tTe ctphp|.icd with cScctivc pnichiiii; claw!^ iinif lojiuv of I hem pTobablv 
were furmidublc predatarsi that craw led about or ^warii ilme aliave thi' bot¬ 
tom, llw ff>^isil reeurd of Lite euiyptciiik iv excliuively Paleozoic. Siieeimeiis 
rareb Occur as50ciateii with noniial maime invetlebratcs and cirrypterids 
seiren lo liavc iiiliabitcd luarginal runriue, hraekislt i>t frtsli avatar vnviTDrt- 
ments where: othw araturci wills presentable bard parh were not abundaiiL 

Osirneods 

OstmencK are tiny bhalved iTustacems thal sail, brackish, and 

fresh w'aten 'flicy are most common in viziy diallow\ more or less Siagniint 
water although thej^ occur iu many other euviioninciits incliidiug dm deep 
sea. Diq feed inaiidy oil decaying organic iiiateriah and miuu of the shoT 
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low iv:ater can with^tond conditions th^t arc unfavorable to 

other aquatic animalSi. I hc e£^ ui many ostnicuds can eoduie dc^iccition 
for li. cmisidtiahle Ifffigtli of Liuieanil h-UI when ^vJLcl is apitfij avail¬ 

able. Uke foEaiiiiniiera aiiii inn 11 Tertiary^ u^tnictxJ ip^cies arc w '^im- 
iTar in niockm ones Uul Hicy serve to iderThf^ cnv’irrrninciits, bui oltjer spe¬ 
cies air imieli le^s nsetiiL 

Other 

Most crustaceans ate active anitiials. They inliabd aH aqueous envimn- 
ments and occur in enormous iiuniberH and \atjety. iMccept for fjstracods, 
few tiiitls 2tft w=eil represented aiiiong fossiL. id though grLiups Imve 

had long geologic tihtories. llie^ crustaceans do nol fniriLsIt much palco- 
eculagic In formation, but they have l^eeu id gieat unpoihinize iu the ui^iiic 
ecotioiiiy of nature partkiilariv in the sea. T'iiiy phiuktnnic enpopodv eat di.i - 
toms and other miTiiitc nr^nisms and [!m in turn ennstirnte the ftwd of 
many larger airrmab. Other small crustaceans besides ihe ostniciids arc fr^- 
nvimmmg AcavengcTS that J]ve in verj' shallow walei near the Ixittoni and 
among s«isvt,"eds. The larger crabs, lobsters, and allied lomii arc IhtM-oiq- 
dwelling scavx^ngets and carriou caters but they also attack oliiea less active 
living aiiiinah. Some burrow' ui bottom sediment and otlicrs Mviin, S^nuc 
have powerful cbws that can crack tJic siiclls of ^stinpods and pdecypods. 
Cnihhke crcatuitis were rate in Paleozoic time. Tine MUivengiiig they now per- 
frirm probably W'sS accomplishtd hy Trilobiles and a variety of otJitr aiiimals 
that a re ptJOrly recorded m the ^dunents. 

frtFccfs 

Insects do not occur abundafitly fossik but they arc known ns far back 
in time as iJie DciTiniaii Period and iimnt.'rotis !;peciinciis have been fmind 
at a few widely separatctl IricaJitie^.,^ They are ninstly teiiestrial and. like 
<il:her Irntd cieatures* they ate not hkdy to have been preserved in an tii- 
virunment similar tti tlic one titiil they' inhabited, llie devebpinent tjf m- 
Jttefs seems to have piraPetcd the ev^'dntion of kud plants. Eecame nl their 
siiijJI si/v% their occuiroice generally is mrux mrimatdt related to vegetative 
condition^ limn is that of larger animiik. Thcicforc an insect iauoa may 
provide useful iiidiicct iiiformatkii conccirung tlic fior;^ of a nearby area 
and lEius suggest oliier ectilogie features such as climate. 

Ofinoids 

CfiiiOLik arc a gr^iifp of the echincxlerm.^ that includes only marine ani- 
maJs, Slalkcd ertnoids WTce fomierly imich mure mimctom and mried than 
they' are now. Af wtne times and plaea in the post thq wed: the principai 
ptndiiccis of calcin^us sednnent thitt accnmiikTcd to form limestone. Mod¬ 
em cnnoidf of tins type are mostly mhiibitaub of dorp water but in the Palc^ 
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tooic Era the)' were mure or less iibuiidaut at Piany places in shallow water 
particiikily where it ms rebtivdy free fjorn i^chitnl sediment and probably 
w^zujL Most of tbeiij wetc pcmtanmily f^tnied to the bottom by motlikt 
holdhiists. All obtamed their food bj^ filtering snidl particles fn7m crmi- 
Utingsea w^atcr. Although most criDoids reqinied a comparatively trsuqin} 
environment in well-aerated water, a fw* were adapted to cithci conditions 
including the Inrbakiice of sunh pbccs as oigaoic rtefe. 

Echittoids 

These CfJnjitTtnte another grutip of tlie echiiindcfins. Most eehmoids 
lead a fm oistcncc and art abb to move abuut slowly. They are mainly in¬ 
habitants of shallow but fairly qmet wyter and anr adapted to mo^t types of 
bottom. Some live m agitated water near the shore w'liere tliev* secL cret ictt 
or oilier sheltcretl pbecs and they may spend most of tlieir esistcncc in one 
spot- Olberv buty tbonurivesshallow'Iy in loose Iwtioiti i«cdimcnt, ITic diet of 
odiinoidi varies. Some feed on fine vuspeiidcd organic ricdiment; some are 
vegetarian: othm are canimiroiis ant) prey' on aninials tike uomis and 
molluscs^ which they cmah with tlicitprnverfiil jawa; and there are thr^sc that 
ate scavengers and mud eatcR. Edunoids wete Ira abundant than crinoids 
in the Paleozoic Era but smee that time their numbers have inctKi^t'd and 
they have largely replaced the criiiuidi in shallrjw^water faunas. 

Stiirfish 

Starfish have existed since ht back in geologic rime and they arc abmidaiit 
in the sea today. Fossils arc mte, iiiwcvcr^ IfCCansc the bndies of these echh 
nodmm disintegrate quickly aft a: death and little can be determined from 
the^Mzatteced pbtes of their skeletons. Most starfish are shallow'water pretla- 
tniy aniniab that move over the sea bottom slowly m search of prey. Then 
frjod eomists of almovi: any crearuECij iln-y can capture and pclecypodv arc a 
particularly rmportant clement of tlicir did. Many niodcm starfish arc very 
adaptable, Tlicy ran withstand extreme conditicjns such av cliaiige in tein- 
pciatuTC, nntgh rater, and even cipnsnre to the air for shnrt periods of time. 
They provide little enviionmurital infannatian. 

Fish 

Since at least the ncvmiian Periorb fidi have l>een the prcdomijiant pred- 
atmy CTdhires of bnth mirriric and fresh wakt. Most of them swim swiftly 
and they inliabit water of all depths. Some spend much of tbdr time Testing 
on the bottom but mostly thej' are entirely iridqieoiiJcnt of bottom condi¬ 
tions. Fish arc not commonly preserved as fossils because when thev' die their 
bodies arc rapidly dev-oured by scavengers and tlicir renLairis arc scattered. 
Martue and freab-w^tjei species cannot be tiistinguMicd smojig tu£sj 1 a,i and 
few fish are useful Lcidicalors of paleoecologic conditions. 
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AmpbUiians 

Tlic oldest-known amphibian fossils octmr in Devonian strata. For a brief 
hnic Ihcie weic iLe dominimt animaU of die land. Like fish, most aniphib- 
Lans have tggs, and young mdividuak ateaquiitk and bnatht with gills. For 
this reason tliciii; aniuials cannot live fat from freh water, in which they 
breed. I'he aquatic lan'al stage has been suppressed in a few modem am¬ 
phibians hut wfaftheioi to what extent this may have been accomplistied by 
fovwl species cannot be determined. Fossils are fdalively rare anti do not 
fumirsh nmeh uifurmation about environ merits, 

Reptihi 

The repblian reproductive c>'de. tmJikc Ihat of most amphibians, does not 
include an aqueous plutse, and reptiles have been freed from close dqrend- 
ence on Water. Thes' diJferentiated into many types and, espectolly in the 
Mesozoic Era. occupied 3 great variety of terrestrial mviioiurients. Much can 
be dctcttniiied about the life fiabils of some of the specialized reptiles and, 
thcrefiirc, aliout the cnvironmaits that they' inhabited By obseiviug Uidr 
limbs, teeth, aud other struchmes. 

iXfcrntnniis 

Mammals succeeded reptiles as the dominant land animaJs after the end 
of the Mesozoic Fra. IBey' aho dificretitiated rapidly and thdt types of 
limbs and teeth provide much in format ion coucermng the enviroiuneiits to 
which they were adapted. In this respect immmals ate much superior to rep 
tils tjccaiw: of the giffiiter specializsdioii of many of their structures. Ii3ce 
other land vertebrates, hows'cr, maminaliau fossils probablv arc generally 
prscTved tu strata unchaiacterishc of the places where these animals actually 
lii'cd. 


Fossil Assemblages 

One exceedingly important difference must be considered when assem- 
Idages of fossils ate coiiipaied with cummunitiei of living organisms, ’Fliis is 
the distinchon that BqMrrates a dynamically active living population fram a 
static dead one whose nature luis been determined by the uncertain vicb- 
dtudes of piesCTViJbon. Three fcatiires require paiticiilm notice: [ I | 'Hie fos¬ 
sil nxsjrdgenerally b very incomplete, f2) the ciieumstaiiecs of preservation 
make marine and terrestrial fossils imequaHy significant, and (3) the remains 
of organisms nutv f>c mteed sc* that they uccur in uuuatinal assuciations. Fig- 
nm 67 shows the relutious of living atiiniah to fossils and indicates the vari- 
uiiE ways in which the Teiiiains of organbmi can be rcmuvixi from or added 
to an assemblage of dead o^nisms or fossils. 



FFgurif 67, Dfagfam lllyiTrislJfig^ ihe of living □ rgenrEinrs to lv;^55ch tlrtal incy OC- 

miniuFDlv and h? preisived^ 'MriT^ln O reilrpCJtdl nfvtt. ArrOwi ons flow Him >lfldicofirtg ihn 
paiiage Iram 0‘T\» itog« Ic oJISlfief ihdf i«quirv$ rHogriirijpji, X moplit O po^lllo bmcik 
in ihl^ lequnnct whfrFv organic ranKains mar he t-otally deilroy^. 

Slogfr }, riiB Irving □?ignnuni, The or^n'dm moy be norlv* fa &rt orsci oi Tf may be can 
fmmlgTQnt Supper arraw^, \f the argcmUm k ropdblv of moTOmenlf It may leave ihe pieo 
(piraw to lefi), ]f !♦ rep/oducfi WKoally^ U fitoy mraoFrt iJviiig in the area [nd«f^nirtly 
(lower orrowJ. Ff tHo argo-nliin lallt prey h> a prvdahar^ li di^oppeon of X- 
5tago dead organbmrK oKpoEed an ^urFiice. A dead ofgonilfn or ftl partial rentatn^ 
may h« One liiai lived widirp ihe area iairiorw from lebt or It may Nave been introduced 
bum nnattiEF area l.upper afrqw)^ M ir-ny be removed by OCfrOrt of Eiyrranli or icovonaefi 
(lower orrow). It moy be devoured by KOvengen dt dotny tamplirtaiy end di«apFMaf al X, 
Stoge 3j, dead organ loti byfFud m bolfout ledimenl. Th« remaTni of oo orgoFtiim B^^poied 
qn tNe urrfocE moy be buried by accumulating sedimenT (arrow from teffl, Ifp bowever, fbe 
arganmn woi o burrowfli, ft may have b«en alretidy bof lod vdlOfl It died and il did nnt 
pw fhrgogh ilnge 3 (orTDW froiii qpsper leFtl^ || smoy hove bstn introdijoed from OTTotheT 
oreo (upp^r orrow) or Ihe bottore might bo eroded and die organtim lennoved ripwer 
□rrowl. If fbe remolni af ihk organ decays or k conEumed by burrowing Ecavengen, it 
dtsoppeon oi X. 

Stage 4, fmEl^TNo rOmoini ol on organiim that eMroped deitfUirlion ki precedlrtg vtaget 
become? a fOiiii (arrow fram lehh Foi&ih, however^ may be de^lroyihd ql X by iolulionr re- 
cryiraUixationi of limo^^fane, doFqmTtizatEonp nuBlamorpliiimH Of lOrm otNer precBEi. Already 
fosiJlixed fpecimenb qIeo may be irmcuiuced from onoiber area Supper arrawL ^Diagram 
luggsted by ffn G, JohntoJi.f 
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iricompJf/fntss of Fo^l Record 

Only about onc-«istli of ill specici ot modem atiimal.'i are estimated to be 
iuliabitaiit^ of the ics. Ot tiiese not more ihnn bait litc the muddy or 
sandy tjoltom that is retitciciited by t!ic vast mafority □[ all abuiitbiitly fos- 
silikmiis rotts,. Of the kittet, not niort tliaii half pos-scss hard parts tluil aie 
likely to be iifeserscd. ThtrefciTe, Icsi than "j pciftmt <tf the species of living 
animals constitute that tnctiQii of the miidtrn fauna that tan be compaicd 
«.idi most ancient ones, TTiC pioportion of living plants that ii likdy to be 
presen ed is even £uuill<er. 

About I millinn ii communly mentioned as the number of vjsccics of ani- 
mills believed to lie living in the vimld today but this muy be an midetcsti- 
matc. Five penzeiit of these, or alioiit constitute the TCasonabl; cs:- 

liettable fossils of ihe fntme. Of tuinsc some others will be presmttl rarely 
and under uiiojiin] cireuTOstfluees. Such ii nuuibei, iiowevtT, greatly ewceds 
the number of fosaiJ species that is known fnnn any cuutem|7oran«iUs1y de- 
posited sediments ol the geologic past. Faxti after a genenras allowance is 
made for new spedes that may lie discovered m the future, the fossil record 
ecrtainlr is niiicli more ftagmentaty than might be expected ui compansun 
w^Mi the present. 

Ihc assuniption rjii be safely made that every siwt upon tfie eiirtli is anv] 
always Iras been exploited to the fullest possible otmt In the tnguriiams then 
in existence fhnf were nblc to leich it. Some fossil faimui probalily present a 
reasonably cxjmplcte record of an animal community so fat as specif 
cc|ili{iped with prciierv able liard parts arc conceracd. Other counnuintics, 
hriwmr. uniJnubtedly are very sparsely represctitcd. and almost all of them 
lack Tcerjgiliable traces of llic ntunernui soft-bodied creatines iliat certainly 
existed. The atnence of all fowiU from any stratum dins not mean that 
life w’ 3 sabsent at that place when its sediment was dcpisitol. 

Ill long past ages land life was mit as diversiEed as it it today, but there is 
little reason to toncludc that the marine fnmias are tnudi Tidier nr more 
variei] tibw tlian tliev W(tc: iii Ordovician time- 1'aili.ire in the prescnritirm of 
lUiL'ient pIIirrraK and plants certainly lias some iiieninnsi, and absence of the 
remuiuv of otgaTiisms rnpohleof fossilkation m liicircoiiiptocdcstniction is 
MIy as iiii|Jtirtant as their pnseivation and pteseucc at other pbir-es and at 
other times. *^1 he mrsrnis for tlicit diffeiierieis in an\ mstaiice, however, c^n 
nireTv be determined, fn contrast to nianv murine auimaU. ail marine plant.v 
.itc pill irly adapted to presen'iition in rttt^T.iii'iihlc L'nniiitioii. 

Tlnis Tiiosl paJcoceologic interpretations of marine cninmlmities must 
iicccssarth' lie leased on Dotiiblv rnconiptetc biologic ev-idcncc. fn crnisc* 
v|«cnee, sjactbl cffnrH must be mark to utiliie whatever evidence is avnih 
able to its fullest ptusiblc cxtenl and at the same time to moke aHowrwces 
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for othET featmcs of tlic bioTngic ccrnmimititt that can wily be mfened or 
guessed, la general teiretiia] fossik arc less Sati&factoiy because tlies' are too 
ure fa provide much infoimation concemiiig ecologic conditions of the 
land, 

Rdtrtive Signl/ieonee of Morioeand Teireairifil Eositik 
Many paleontologists have no heed a more w less dose correlation be^ 
tvi'een kinds of fossils and the kinds of rock in which thes' most commonly 
occur aJtliougli this is rarely ureufioned adequately in paJcontolcigu; reports 
(sec Figure fiS}. Such coTreiafion indicates tliat either (1) tlie frjssil orgaa- 
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Figure 60 , Diqgjdm ihcrwing pr^partiem pf paperL describing mkmlossfck pyb- 
Ibhsd k\ the JoLtr/w/ PnfoBntqfoffj^ cud 19^0 moki nc 

rvfflrcncs^ ip thtf lilhctagk aiMCiqlitcni cf feuifL Mof^y CSthif p€ap€>n prcvEdfl 
ofily Ffi^deritDl and tflad*q,uatD mfafmaT^&a regardkn^ Piiociolian. Very few papen 
devaf&d fO i-Plhef macja- br mkr0fDtihl9^ rneka Dfiy mention of tHc PHUfrefice of 
fobni of rtws olher fcwitL <Dcta fims BIlKin^ l95Tj. J, SediHCiefit. Pstrof.^ ¥ol. 2T* 
p. 22Q, % 

kins preferred a particular ens’iiomucnt charaetcrir^d by tlie entombing mck 
or (2) the rnek Tqjtcsenbi an environinent In which the lossd renuiins of par- 
ticulai organisms were roosl Ukdy to he preserved. Actually tlicsc possibilities 
are both rcaU/ed but in general they apply to different groups of fdssik. If no 
such coneblion cxirts, tjie iniplicathmi ate tliat cither (1) tlic fossil orgmj- 
isms w^cte adapted to a variety of aivimfimeuts and their possibilities of 
existence were not limited by the fat-'tots crMitrollmg the cbaracter of the 
sediment or [2) the organisms probably were native to another tloselv asso¬ 
ciated cnvjronment as, for example; the upper watm of the sea w hose swim* 
ming and Hoating inhabitants after death sank to the bottom regardless of its 
nature. 

Most TOds containing abundant marine Cossils represent fairlv tranquil 
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environineiits. GeoetaJly tlio&e that do not can be lecogniaed becaijse the 
rocts are course totined and the exhibit signs of transportatiOD and 

ore likclv to \k TrVttTTi at bmlcen. iMarine ios^ih show Lbe closest correlaticsD 
mtii lillKjlr3g\, In n>e^ tJf any paf tictilar age, many spedes and even genera 
TaTdy occiTT in more than one pHiticitlar type of iixk. Sudi fos^ih have not 
moved far from the pinwis wlicrc the nTganiims lived, and uxdq] ctmciosions 
concemiisg physical environmenfs cati be Tcadied on the ba^is of the type of 
sedmjciit. Even if considerable transportation has iKcnrrcdp the or^nisms 
corpjimnty were nativ'e to an adjacent and closely related habitjt, 

Cotiditinns on the landp where erosion is general, arc very differenL No 
cljojicc Lhete for most oiganisins to be pTtsen'td id the areas where 
they live because sediments do not accumidafc. Tlie onh importaiil excep- 
tiuns tut lakes, whose deposits arc miuh like those of the sea and corrdaj-hm 
between fossils and sediment can be made, ^nd swamps, in which the re¬ 
mains of hidigenoiis plmts accinnulite. Elsewhere the presen^aticrn of ter- 
restnaJ fossils is largely a mattezr of accident and enclosing scdiuieiit reflects 
an ctiviromncnt in which preservation is possible rather than the frnncipal 
one in which Lhc organisms lived. TIiLs is particularly true foi fo?;sil verte- 
biatcs. Also this is the t&son why Icrtesltial fossit are njuch less abundant 
than marine and why the veevtd i)f tcncstrial life h uiuth ihutz fragmentaij* 

Fimih of Alive J Ag^s 

Tlie danger of mixing, caiised by the tmetilical or enrde^ collecting of 
fossils from different stradgraphical zones, is obviouis. Mixing alscj may oc¬ 
cur oatnrally* luwever, and organisms from different environments may l>c 
brought together anil preserv'ed in a single stnihim, Sueli mixed faunas are 
of three tvpt.'s: (1) Ihosc lesiilting from the rTcworliing of fossils from 
older stratum anti their dqpositiofi with younger spccinieusi* ^ 1 } tliosc result¬ 
ing from the transportation of ciganisms i>r their remams niort or lesi liori- 
ZQUtally troiii one cnyirtinnient to another con tern porarp- onc^ and { 5) those 
result mg from the sinking of organisms or their rtmains from an meriting 
envimniTictii to a benthonic one. Ufiless mising can be recognized, cor^ 
flicting evidence mav cause conhnsion and die misintepretation of local tm- 
vininments. 

Tlte mixing of fossih of different ages h not encounlcned conmionly. li is 
probably a greater pnkntial source nf cotifnsion with respect Ed age detet- 
minotion than Eo ocologic inter]]rctalion. If the older specisneus have been 
derived from a conscilicfateil forma tioTi„ they ate likely to be somcrivhat dil^ 
fCTCEitIv presented and fossUi^ed and thus distinction may be possible. In any 
Ciistv farger specimen^ jre commonJv svntcf vcnni and broken. ITie most tron- 
Uexome niixhires are those con tuning micrcfctesils such as foraniinifcTn froin 
intcmvolidaEcd late Mcsn?;Qic and Tcrtiaty strata. Sudi nnxed bunas tiiiiy 
give vnen little indfc^linri of their composite nature. Generally they arc recog- 
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mTivd <mly when tlic ditteient ages or different ecologic LnipJicatiDiis of sotiic 
of the speciiueDS are noted. 

FOi¥si/i ofAhxed EnvimnmenU 

'fhe tmnsportation mid h^sih of the same age pre^^cutx 3 clisiim- 

ihj pitihltm.TliLtc i% considcnihlf difference of opuiion tu ho^' prevalent 
such mixing may hetm. Although many wotti anti broken specimens 
iriLiy [iidiCr^tL tTauspirtation, this dot^ not necasarih mean timt tlic fo^tts 
wetcdcnvcd from one environ inent and dtpimtcd m anrjthet one. Ako it is- 
fHJSiible that the damage occuned without appredohle inoveiijail. For ex¬ 
ample^ ttie disartkukted ctinoids -md brnken bnuzcuiis of hiolienn^ hi the 
fiordtni Group | ijf fnilmna may have been insi-icd to ^ome extents 

but tlieie t3n no doubt that thcat or^nimi^ lived within the restricted 
areas of the hinhcrms^ which were miiimiinded by a different ensironmcnt m- 
hospihibk to thein. \lanv mafine formations record ci]iiditioiis thai wxTe 
itmarkabh uniform thmughout targe areas, Hic trausportatiDii of any but 
die smallesL organiMus or small fragmctits of tlnir remains foi Umg distames 
h iiiiprDbabk. Fxperhnails jiidicHtc aliso that such objects as sbclU are 
much more iiLclj to be Imri^ by emrentv than to be moved tonsiricrabk 
distances. 

Some es^jimplcs of tnnsportalioti and mixing, hnWTVcr, are self^rvident. 
Amoug them me the occun.encoi of terrestrial plant remams in sbata con¬ 
taining mariue fossils and the association of |x>nes in ffijvia! deposits, Mm 
Lbe mixing of fossils ongniatiiig m diffcrciiL cuviionnients or l-bdr tmns- 
portation to a fuftigu eDviTonment can be espected uiidex certain umiim- 
shtnci;^. 'Fhe most noteivortby t^^amples occur in Qie flanking beds of nrganic 
tedis and jii the dcpoiih nf trirbidit) rmrents. In cither of these tlic 
pcnbsibiliiy is greater that the recugnitiim of displaced fossils would result 
from idenHftcatiim of the type oi deposit on the basis of phy'sical evidence 
rather than from the nEturr nf tlic In general tire nusing of fnssih in 

sediments Hint accumulated on (he ncrarl} level sta bottoui is v^erv diiScuU tu 
prove and s^rdmauly jt can be doubted. 

Stmtifi^cf Em-rrnnmerrts 

Tlic defimtjou of im cuvironmci!!. k not easy, iitrit+h- spcaiing the ctivrrnn- 
nicnt <if every indlviduii] otguniimi differs, kuwever mnnitcly, frnm ttiat of 
every otlua; Sliere is also tlir uiatter of siak as tlin involves the size of liic 
OTguuk comniuiiiry in ibcdcgiLt vimiliiTity in fhe cnvunnincut that is ixi 
be tiftogni/ed. In a gn>ss way thtet quite diffcitnt mvncnmeiKs can be dis- 
tinguished: i f \ the SKI, f2 < Fresh water, and l^l llie kud On Iht other 
hand, environments mii\ be exetnplifici;! more prix!]sely b> i t ) a small voJ- 
iimo of iTiiid below the Ixittom of tlic sea. ^ a small area *4 the sea tHirtnm* 
I ^ I a STOLitl volume of waier ii! uitmntdiate depth, ami i4i an tt|Tia] vnl- 
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lime of water near Jhc jiirbce of liie ?tea. EitcJi of th^e enviiozimeiiis varies 
from place U\ place but each has certain aigiiificauily diffeieiit physical at¬ 
tributes and LS occupied by a chanjcleristii! aivomtion of Similar 

distinctions can be made with respect to cnnmnments in fresli water and on 
the bud, bnt these find much less nppbeation in paleontoiog>' and paleoe- 
coiogi'. 

Tlie four genenil environnieuts of tlie iea that hsivc Ixtn noted do not cx- 
ha list the possibilities of dLffEieiitiation hut thev illmtiate Urc eontenijxjrartc- 
ous stiarificatlDn of envimninents that occurs cvcn^xheie. Mosl marine fos^ 
ills are die leniains of irr^nisms that lived on nr in tlie Ecdimcnti> (d ihe 
bottom. Two groups can be rectJgnijcdr (11 the infauna that inhabits the 
bottom sediment and 12) the cpifarma that lives upon its surface. The re- 
maias of both groups arc preserv^cd together and both furnish i.'^idence use- 
fnl in the interpretation of ^ed]Incn^a^y conditions. The reinyms of cprfaunaJ 
organ is m:^ ma^‘ he rjiovcd h(Hi70nt;jT|y along the sea bottom, and Under cer* 
tain eireiimstiincc? broken specimens m:iy be cou centra ted in local deposits^ 
particularly in rerj' shallow water In eontiastp infaunal rcinains are much 
more likely hi roiiain tindaniiiged and undisturbed. 

abundant foisiU lecord the pelagic life of water above the bottom. 
Again two groups cao be distingiriihed: 11 1 the nekton or creatnres ttia! 
swim freely and pnrpo^efuJiy tbicugb tlie water and (2; the plankton of 
organisms that flo^t or swim more or less aimlessly nciir the surface of the 
sea. After death the remain? uf iHjth groups may sink to die bottom am] 
^omc may be prtscnxd as fossils witii ben thou ic oT^nt^ms. Theie fossib 
from upper environments provide littk a idence legarding bottom condi¬ 
tions. Most fosiik can be assigned to one ot aiioUief of these fciirr gioupi on 
the basis of theii stroerma] peculiarities, which indicate their modt of life, *7J 
by analogy^ witli sioubr modem orgam^iins whose w'ays of life are knouTi, 

The beiithome dement of imny fossil assemblages consists almost exclu¬ 
sively of tilt rrmains of cpifaimal organisms- Peloc^pods are tJie most abitn- 
danl reprcvcnrativcs of the infaLimi hut their shclb aie rare or absent in muny 
Paleozoic limestones. FoJ^sil evidence suggests that extensive exploitation of 
the iiibnna] enviTonment by tuoKuscs was de1a>'cd tin til the Mescteoic Fm. 
TTiis appears to have been a majar cnvii on mental conquest cciiujiarable per¬ 
haps to the successful invasion of fie^b w^ater by desecutLmts of mnrmc or¬ 
ganisms. It seems to has-e occurred concurrently with the general expansicm 
of pclcci'pods and their supplanting of the bracliiopods as dominant shcTlhsh 
of the sea. Wauus imduiibtcdly have been numctoiLs; since Ihceauibrian time 
bid these soft-hudicd creatures art sK viuted fur preseivuUou, Tlieir bmTaws 
or tubeSp liowe^ ti, lemaiu at rnaiiy places in ancient-sediments but are easily 
omlcxiked 

Most plajiktOTut organisms are ^xt>' small. Fm are rtiidily picseivcd un¬ 
der any ordiiuiw circmnstauces. Therefore, their remains arc not likely to 
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constitute A couspicufuis part of many sisseuLhlages. fossils of ihh 
type that an: most commaiily observed att the ^heik of fomiiimifeia, iuch as 
ciobigerina in Tdatively recent strata, and some grjptolites in eerbm 
older rocks. Most ncktomc aninmls achies'c much larger iviae. Ihey include 
iisli, a few air-breathing ^ertebtates^ and some cephaJopods* The fossil re- 
nuins of sudi cieahires gcnmlly ore no! abiiLidant and they tryiy lie frag- 
mentarvH bat they are easily rocognjiced as bdonging to an envrmnmcnt dif¬ 
ferent from tliat of the sea bottam. 

Another type of fauna (not sd easily recognLccd) tlial imy l>e piserved 
with or without tlie rein^iins of strictly bendionie oigunisms consists of crea¬ 
tures that lived on or among seaweeds some distance above the Ijottom- lt3 
members belong to several of the Ktnic iniporhmt group that provide ben- 
thoiiic organ isnis. Tlidr identification generally h depen dent upon physical 
evidence more or less surely indicating lhat the sen bottom wiis mliospitable 
and ncccssimting the presumption that them mtist Juivc lieen an fnierlyiiig 
inhabited cn^dremment. Thu^ black highly organic shales commcmly record ^ 
toxic bottom where few animals eoold live. Many of ihc fossiU presets cd in 
theiTi may have sunk to tlie bottom from a higher xonc. Seaweeds pmvide 
stmetorcs suitable for tlie attachment of sessile organismis and also a source of 
abundant mganic matter that became incorporated m the sediment. Sea¬ 
weeds and ijssociated faunas may have been nuj^ortant iti other environments 
also^ but in the absence of black shale their cxiMoict cannot Ixr so certainly 
established. 


ECOIOGIC FACTORS 

Tlic ccologic factors that emobine to ptoduce the en\ iionment of any or¬ 
ganism constitute otcccdingly complex s^-stem of interrelated sniiables. 
Some of lliCtn ohvicTusly are of great importance and are more decisive tlvan 
others iii detmnimng the disttihutim of a species. DiffEietU species are v'ari- 
onsly inBtieneed by the same factors* however* and auy one may autweigh 
the othm in 2 particular case. Because some factory aie veiy cb^ly lebted 
to each other* their lebtivc importance may be difficult to detennine. llie 
most obvious and significant factors for both aqueous and tcirostnal envimn- 
mtnts urc showri in Table S. 

Tlvc distribution and continued existence of any population of oigairUitis 
b dependent^ not ou the uvorage or daiiiiuaut couditipri$ tlmt prevail in my 
nrgiou or at any tiIT^e^ bnt upon llie threshold of tolerance of the indjvidttaL 
of rlie population at thdr moil skiaceptibk stages with respect to cle¬ 
ment ol the cnviroiiment ^paratdy. The habnee between oi^uisms and 
thcif emiionmcnh h so delicate tliat any dtange in cither physical 01 bio¬ 
logic conditions or rclatioiis is almost certain to be Tcdccted by resultant 
changes in the local biota. Continuous change has resulted from e^nlution 
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Take a. Tht Frmcrpfj F^icrtira iJie of 

Jtful XnmtFi^ EflH.irtmmcnt^ 


Aqueous 

Tcrpwmal 


Arall^bkUty 43f WMta- 

1. DijspJvied tavsi 

2L RnmEalL and B-Tniuifpbcrhc InpnidiT^'' 

3. TemperatUirc. KAHndl raii|«r 

3. 'l'(Miiperil±L[in, dally imtl tcaHJoal 

< Drf^tli 

4 Mdnjck 

5. Ushi 

5. [J^hc 

Turbkfiry 

S- To|5io^5FapIiy 

7. CurrtffiEJi and wsttc 4 c^ttrin 

7. IVmd 

B. Soeeom oonditiant 

Sdd 

9. PcjDd luppiy 

% FochJ supply 

]0. Dt^mLlc ^fifDcialiaiia 

10. Or^ank laoritirimM 


blit this wBs ilow. Most of the obi^ioiis difiercnces betMc«ii faunas or floras 
occurnug fn shntu of approxiniately simibr geologic age ait tlic result uf 
cUffniicncES in cmimnmeiit and the accessibilit}' of areas to migiation and 
colaiii73rian by simibr organisms. 'Hie actual ecologic fectois that limited 
tlic distribution of any frjssi] species, bnwo'cr, generally are voy obsenre* 

TTic problem of Uic plcfjntologist or paleotxolagist ia bo Tecaguuic svliat if 
anything ilie fossih impiy regarding these or otlicr factors, Befoit: this can be 
done, it is necessary to inquiie into tfie nature of ccologic factors and to dc^ 
tenmiie if possible in what inap they control or influence biotogic activity. 

Morine Environment 

Tire almost infinite variety obsenabk in the associations of plants and 
animals today is evidence of an equal taricfy' in the ecologic conditions that 
are available for biologic exploitatioji. Many of these envinininetits art more 
or less rmporiandy conditioned by lire organisms theniselves, arid the num¬ 
ber of enviiDiimeiits has multiplied as organisms ba^u become more diversi¬ 
fied firm very' ancient to modem times. "ITic underlying physical factors to 
which orgaiiisurs tuust became aihipted if they' art to sunave, hnw’cvcr, have 
changed Ijttle if stall since far track in the Precambtiiii. 

The sea provides a general cm irenmcnt in which life is belics'cd to have 
originated and from nhicll organisms emigrated first into fresh water and 
then onto the laiiil. Tliis nrigin is indicated by (!) the milch longet and 
tin ire contiiuious record of tuarine life, (2) the greater dh'eisit)’ in the fim- 
damental fumis aMumed by marine animals, suggesting longer continiions 
evolution, and I the osmuric eqirilibiiuin that eoists between the sea and 
most protoplasm and organic body fluids, w’hich seems to mark the latter as 
modified marine wster, 

nic statement commonly is made that the sea provides an environment 
peculiarly favorable for life. It would lie more conect to sav that manv or- 
^nesms, and partictdarly the simpler and more primitive onra. are most 
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perfectly ia Uvuig in the If life originated under ntarinc condi- 

rirtfiSp this ciacth' whar sliould bt expected. In am event the tea provides a 
general envirrmnicnJ tlrat is sharply con trusted in several important respects 
with fresh-Walter and more cspcx^ially with tcrtesttial environmenhi. which 
necessitate special adaptations for suctcssfnl halntytioa. Four fcatitrcs of the 
marine envimiunent rer|iilre particiilar notieCr 

1. Organisms living m w'ster are not subjected to desiccation and they do 

not need to possess structures or habits deigned to coiisewe body moisture, 
which i$ easily renew ed from the surtQtmding medium. refTestrial cirgaiijsms 
generally cither ^turiacc coverings tliat leiluee evaporation nr arc re¬ 

stricted to living in relatively ver>' moist situations, All of I hem must liavc 
□atss to water and meani of himiiLhing water to alf parts of (heir bodies. 
Fresh water is less bvi:irab1c than marine, paTtieularly for tire less advanijed 
organisrns, because it tends to diihise through oTgank menibmies, and spe¬ 
cial means aic required to prevent dilution of the btxly fluids, 'llih ma\ he 
accomplished by an imperviaiB covering or a mechsTiisiu to eliminate cs- 

water. 

2. Water provides a medium ueaiiy ei^ual in density to living matter. Or¬ 
ganisms can float or swim with Iittk effort and do not requite strong support¬ 
ing stn]ctiiTts such as sketetons- In this respect sail water is slightly more 
effective than fresh water Tlic possibility of swimming oi floaiing, not neces¬ 
sarily near thc-snrfact optn^ ail parts of the sea to hahitaiioii- 'Fhiis the situ^- 
tirm E very different fTimi tliat presented by the atuiosplitrc. into whose 
lower kyen vunie organitmu can ri^ teniporaTily. All terresttiai life ii bound 
To a narrw mirt close above or close below the surface of the !and_ The 
habitable space available to marine organisms has been estimated lo Iic 
about 500 m great as that avaibblc to terrestrial organisms jiud about 
HjOflO times that provided by fresh water. 

Tlic Sti IS much more uiiifonn in all of its pJiyisicaJ envjrfnimciiLil eliap 
attcTS, except prcisuie, than is fresh ivaleror the land lliiis mgaTuc adapta- 
tiuri ii comply a.ud, in spite of \L\ great sptu.e^ Mie sett proviilts; fewer and 
generally less hobfed habitats, lliis is reflected by the fact tliut of all the fir- 
ganmiis living iu the svorid today only about !S perecnr are iiiLirirTc species. 
lu ^encTiil, (nnlutinn in the seq appears to liave fseen Itss rapid than oii land. 
.Also many groups of oi^nisms that ha^r succeeded m udapling thtiiiielvci 
to life on land liave dhersi£ed much nioic greatly tlian comparable groiqjs of 
ms ri 11 e orga i m i]is\ 

All main parts of Llic sea are broadly iiilerconnccted. Tlic nccauii arc not 
repamted IruiTi each other to the same extent a.s continents. Reljtfvely 
jmlaicd parts like the Baltic, Nteditcnanmi 4 and Black sens ate Few and 
couipaiativcly sTiiiill. CnmpkteJj isolated br>dEe:$ of salt svgtef like the Cav 
piati Sea that can be compared to islands are neither uiiincrons nor mipor' 
tanl. Thus the migratioti of tarcstiial OT^i:US|n^■ across or jround water bar- 
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liers ]S much moit difficult thsm the Tnigration ot ttuiririt: otg:^iii:$xns tJi^t is 
mipeded by !es^ cantjauoas bamers c>f hm]. Thiji very unpirtant fact<3r 
partly accoiiuEs for the woiid-wide greater uiufonnity of inarine life and the 
laTjgci numlJCr o( tetEcsirkJ species that have evolved in more completely 
isobted ^hi^tiOTis. 

One rtf the most diaiacteristic featmes of the sea is its sa1init3'. Although 
nearly fifty elements have been Identified in sea \Tatcr, more than 99 percent 
of the dissolvetl nmLetiiiJ cansisb of chlorides and sulbtos of sodium, magne¬ 
sium, calciiinL and potasium in this order of abtindanee. Sodium chloride is 
by hr the most common compound rmd accounts for nc^ldy SO percent of Jl. 
All streanu Sowing into the sea carry mineraJ matter in solution, and die 
belief gcnmlly is held Quit long-continued contributions from this source, 
ic ^5 die ealciutn and niagncsiirin carbonates and snlhtcs and sodium djiudde 
of limestone, doltunite* gspsum, and uKk salt laid dmvn as sediments, have 
been toncaitrated and lemam dissolved in sea water. On the other hand, 
some theories regarding the ongm of the oceans postulate that the w'alet was 
origtnallv sjlEk . No evidence is known to mdicate that the salinin' of the .sea 
has cbpiigcd iniportmiily ^ince at least the begioning of the Paleozoic Era. 

'Flic salinity of the lica is lemarkably constant. Tlurmghout its whole o 
lent there is liftk visrbirion in tlie proportinru of its dissolved solids. Salinity 
in the open sea Ixkjw- ;i deptli of a lew hmidned feet es^enT^hcie approici- 
mates I 7 pcrmille. Surface wattr varies between 35 and >7 pemilKe, the con¬ 
cent ration bcin^ increased by evapoiation in some areas and reduced in 
<ilhcrs by the admixture of fresh water failing as mm. entering from river?, or 
prciduted by mchiug ice. Greater variations ocair in some partly L^iolatCfl 
water Ixidie? such :]^t tlic BalUc Se^L, where saimity decreases almost to zero 
at iis lic^d, and the Red Sea. w here the sail content may exceed dU pemiiBi;:. 
In special situations such as small coastal lagoons and ^siuariffi there b eicr) 
grarblion from abnormally higli salinit)' to fresh wafer. 

Aqueous organisms are .vtniMtive to $alinife bcoiiise osmotic pfessure varies 
with salt coiitenL If their body fluids are not in cqnilihriiim with the snr- 
rounding mediiini, water passes eitliei into or out of their bodies. Mo.st oi- 
gaiiisiiis cau adjust Llitm^dvcs only within a narrow salinity range beeausc of 
limitations to tolerable eonccntia Lions In their Unids. Cun sequel illy, salinity 
is an ecolngic factor of gicai iiuportance that clctinnines their possil>!e dis- 
tributbiL More adaptable or^uiiuis goiieraify psscss a meclmnjsuj pennit 
ring them to eliminate excess watei from their bodies as rapidiy as ir h ab¬ 
sorbed. 

'Fhe great ma|ority of all maane plants are thalhiphytcs. whose parts arc 
nof difFcrontiatetl lutu tine roots, stems, and leaves as in the higher plants, 
are of microscopic size. Hicy obtain all the materials needed for exist- 
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Ortcc by sbsOTptiQij from the jumitindinc watei, and even the loii^t do not 
require an elaborate vdscuiyi sj'rtem to carry water and mincnil substances to 
their various parts. Many of the larger plants ate attached to the bottom m to 
other solid objects by holdfasts, but these are quite diScrent functifinally 
from roots. Tlie lack of specialized woody structures in seaweeds runden 
them ill suited hir fossilimtion and they are rarely recogubr^bly prejterved 

Nitrogen and phosphonis compounds 4re niitrienk rieccssaiy for piant 
gmwth. They occur in solution in sea water in jmalt amounts but are opidly 
depleted. In many parts of the sea the small pfanttomc plants, like diatoms, 
lead a cyclic csistcnce that vanes with tiie seasons. Fas'oiablc condition* in 
tlie spring tesolt ia the rapid and cnormons multiplicatkm of individuals. 
This continues until the mitrJents are depleted, getietaljy by early simimcr, 
Further growtJi u Limited In the rate at which tiitingcn and phospliomm 
crimpoimds diffuse upward from the deeps. Winter brings plant growth to a 
stop arid iiutrienti accutniilatc until spring arrives and another cycle starts. 
Mote or less permanent iipwclling currents maintain the fertility of the sea 
in some regions, particularly near continents wlicric offehore winds cause (lie 
depleted surface water to drift aw^y. Such places arc hkdy to lie especially 
rich in all types of marine life. 

Tlie food lequiiements of aqueom snimah are iimpler than those of land 
aninials. Being surrounded by water they can obtain mineral snbsiniiccs by 
absorption and must ennsume organic matter only to meet thui needs for 
energy and gnnvth. 

Dissolved Cuscs 

Oxygen and carbon dioxide are the moist iuipcrtant ^scs dissolied in 
water- Hotti arc present in the ajr. Tfiry pass fredy from the gaseous to the 
dissolved state and oqnilEbrium « more or less nuuntained at the watcr atr 
interfacu. Like nthcr their salufaility varies inversely with tonperature 
and the ctmcciitration of dbsotved solids. They arc diffused m very' uniform 
propiittions tliroughont the atmosphere bnt thdr ncciiiTencc iii water is 
marked by great differences in concentration. 

Free msygen is necessary for the existence of most orgamsms, the prfnripal 
exceptions being some of the bacteria. Oxygen m the sea is derived Iw jolu 
tion from the air iiid from fixe metabolic activities nf plimts in the itp[KT il* 
lumiirated waters It is comumed by animals and many batfem and to a less 
extent by plants, llie geneml dixtributkm of oxygett in the sea i$ closely re¬ 
lated to (TTganic activity, and stratilic<itiDn commonly exists. 'I’hns the oxygen 
content is high in surface water nf the well lighted zone, where plants ate 
ubilndant and a condition of supcisatimition may cxbt (sec Figure 69), 
Pbnts arc less active at lower levels and a btger proportuin of the oxygen is 
cousmned by animals so that concciitiation coimnoidy declines. A minimum 
amount of oxygen has been observed at depths of some 1500 feet. Plants can- 
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fiot exist ^b-imdantly lidow abt?nt ZOO ^nd ai: grcsitcr depths little or oo 
excess oxj'gen is produced. !n deep animai life also becoiuc^ more 

sparse^ less oxy gen is consumed, and i hc ccncciitration gcucralh tises- Deep 
^vaters of the open ocean are repienishtd hy surface water of the piilaj re¬ 
gions which sinks below the warmer^ lcs« detune w^lm layers and earner 
oxygen down with it. Bacteria sit 
ven- abiindiint iu tbe upper layers of 
the bottom sediment and, where cir¬ 
culation is poor and abundant or¬ 
ganic matter rains downward from 
the planktonic zone> oxygen is much 
depleted or entirely cxhaiLsted (see 
Figure 70). Such a situation is exem¬ 
plified by the Black Sea. Most parts 
of the sea, however^ ^ plentifidly 
enougli supplied with to sup¬ 

port all of the life that is permitted 
t<i exist hy other ccologic condi¬ 
tions. 

The diemical relations of carbon 
dioxide arc m^tre complex because 
equilibrium rdatinits involve mt 
only gaseous and dissolved phnsa 
but also simple soIntiQu and hi cap 
boiLutc and carbonate molecuja and 
ions I see p. ISl). Carbon dioxide 
11 j die jiea is obtained by solulion froru 
the atmosphere and as a prcKlllct of 
the metabolic activity of miimafs iind 
liaetciia. It is utilized by pJatits in 
didr phfitnsyntbetic pmeesjes fsir the 
producHon of GirboIi}dra(es, The 
conc£Titrat]f>n of carbon dioxide com^ 
monly show's stratificatiuu tlie reverse 
of thiit of oxygen. At llie surface, 

where plants are most acttvc, conccuhatiim is low but it mcreasc; dfiwiiward 
to about the sanjc IcstI w here oxygen concentratian h at a finnimiim. Bdoi? 
this, carbon dioxide b Itss ahuudaiit htii water immtfdiately above the Wt- 
tnm niny be richly supplied with it as the result of tire decoiujxi.sitioii of or¬ 
ganic tiiactcr in sediment hy the action of bacteria. In general carbon dioxide 
tends to accumulate in the deeper parts of the sea where it is imas-ailable to 
plants until upwellmg brings Oic deep water to the surface, Alihougli rapid 
plant growth may nearly deplete carbou diuiide in surface cmly rarely 
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OXYGEM SATURATiOr^ 

Ffffyf* 6^. Curve iht^wjn^ perceTttggs 
of oxygtifi sahircrtu^Fi in Niitifof ert 
d^plhi ai mnuaurad In ilia Coflbbaon $Bi] 
off ffiB north cDQii of PonoiTiQ. Simllor ob- 
HnrEitigni ajtffipfhfrfifr Koyo roYeal^ tOrtTi- 
w+ioT diffcr^nl dlitrfbutuair, hut thit Ibnti of 

tlili eVTW* ii loirb choraclBHltic, If ileorf^ 
indicolHi tb» high cofFlunt In near- 

ivrfou wolBF whera pbr>S(IOrtii- pbnti an 
ohimEfunf. ^AFffir Schmidt, 1^15. Sci •rrcE, 
voJ, ifib p- 5?2,J 
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does the dehcioicy of tlm ^ubsUiiot^ cam titute u can trolling factor of the 
environment. 

Normal sea water is weakly jiltoline. At the surface it haii pH valuer com¬ 
mon.!} ranging between 8d and S3 
and thcio may apprciadi 7.5 at inter* 
mediate depths. The vTiriatioii in v'iil- 
ues h more closely rekted to carbari 
dioxide conrnitiiitk^n than tti ij-tn- 
peratme or salinitj . Sea w^ter^ how- 
evet^ h a buffered Sioliition. Relatively 
targe varsatiom in the carlxm dioxide 
content ptodnee only small diSer- 
enee^ ui pi I v'aliie$. Except m special 
vitiintionv where the pH U iniliiEmeed 
I?} rather factors, siicli as the prevenee 
of hydrogen sulfide, variations in the 
alkalinity' of sgj water appear to havr: 
tittle effect iipaii the distributions of 
organisms. 

Hydrogen mifide H fine of the 
products of the baketkl decay of or¬ 
ganic miittei that occm^ mainly in 
battnm sediments wdicro reducing 
conditions commonly prevnii- At 
most places aerated water m^crlies 
the bottom, and diasotved livdrogeii 
sulfide gas H Qsiiiked pomptly to 
salfmk acid, whidi disphices cour 
bined csTbcink acid to hmn siiJkte$, 
!ii area* <rf pjor w-alcr cirttilatiod and 
iiclili organic svdiuietitsj however* 
the oxygert is exhausted and hy^ 
drogen snlfide may acetimubtt:. Tl\k 
substance is higlih toxic 10 most or¬ 
ganisms. If It siecianTiktcs in appre^ 
eiabk amount* its presence and tlie kck sif oxygen conibine m produce 
conditions that exclude nrost forms of life. Many bbcL shales appesif to 
record the existence ol situations of IhLs tind. 
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l:t^ Frimi tiTTtcisurPTPilnrti n^ude in the |fi- 
dian Ckeatl. (DofO From atuun^ 195?, 
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TernftefatuTe 

Tempera tun: certiinly is one ol the most iiniwrtant be ton of cnsirort- 
ment. It luther narmw limits beyond which life, as ii ocxtius on earth, 
cannot csist. The ease and accuracy with uhicli icmpeialurc can lie meas- 
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ured litjwt'vcr, mi*y tuivr nspltdl in intiTonpha^k of its impartancc in spe¬ 
cific’ insfuncea because stinie iif its side cfiects, such as viscosity mid density of 
^•iterand solubility of both gases and solids, truiy actunlly be tlie tontmlling 
factoR. Thus \iscosity of sea skater, which is unpofLint to all p1anktif>nic or¬ 
ganisms,. 15 hvice as great at 32 as at 75 degrees- Because calcium cacboiiatc; 
which 13 utilized by many martne animals foe shells or other hard parts, is 
much more soluble iu cold than in warm wntti, die dcvclopmcni of such 
structures may be either iiihibiled m fainted. On the otfiej hand, meiaboife 
activity is lelatetl directly to Eeniperalure and a rise of 20 deuces may residt 
in doubling i tv rate- 

All organiijtnj thrive best at certmn raptimuui trnipmhincs which varv 
greatly for thfieteut species. Lateivise there is nincli difference in the maxi- 
mum and minimum temperatures that limit their csiSteiice, Here the tunc 
factoi also js importaiii because the limits vary^ tlepcndmg upon Llie lengHi 
of tmie extreme couditious can be endined, Gcnmlly the uptiuiuni letn- 
pcTJture is riiudi clusef t^^ Ihe uraxiniuui and too great a ri.se in tcmperatijT^ 
results 131 swift and ccrtaij:] deatli. On the nther hand, luwTiing of tempera- 
tutu slows nietabohc activity and ofgaiusiiis may pass into a fejling stage. 
Some aiiituab can w'iJintand teinperaturcs lower than that at winch body 
fluids ficeze. 

Tciiiperatures in tlic sea range from about 15 to lOO deuces. Tlib masi- 
mimi is attained only in ven restntited such as tropical tide pQoli and 
small kgoonst^ mtiximiim m liic open octau is about degrees, lliis is a 
murk mralkr range than OCGtiir in air* which reties at present between — 
and ^1 ?fl degrees. Seasonal ihjmges in surf ace tenipeiatuie tjt tTie vea reach 
their mumuimi ui the tempcrjti; /xmo hut raiely exceed 23 decrees. I’hiee- 
quniten of the ocean x^aries less than 10 df^^s, and about onc-third of it. 
located in the tropics, vanes less thnn > degrees. Diurnal temperature varia^ 
tioii is aJmost iicgligible, rarely reaches 1 degree, and is not noticeable beloiv 
a depth of tiiiriv to forty'feet. 

Teniperatufe ill the declines with depfii bnl not lOgidarly, and ^tratb 
ficatioo ii well marked espticraify in its warmer portions. There the surface 
punier brttuded below by a f/ierTTroffirre, wJiae tumperatuTe falls rubtivelv 
mpidly and at wmt places nttains a rale r^f 1 degree in hventy feet, ff a weli- 
niarkcd therriioeliiie exists it gerjeially is encouutcred at depths niiiging from 
ISO to %W feet vsnying soaie^vhnt with the seasons Below about fi{K3 feel 
ftnrhur dcdiiic is slow, and at aii\ Itsel at any place icmperatim: 1 % essen¬ 
tially cons lunl at all Limes. Temperatures at the boltom of the deep sea every¬ 
where are ]ow% Ju.xouie areas freezing tempemlUTc tif sea water is nearlv 
readied. 

lilt rdatJ^e iiuifariiiity and stabililv of tetijpetatim: in different parts of 
the marine environ incut arc tcSettcd lij the generally narrow adapts tioiis 
of marine orgainsiiis in Lbis lerpecL Certain iirganisms arc adapted to eacli 
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of tliE total niiigc in tempoatnTic and many art dostly rtstiicicd to 
these legmen Is. EKstuictions can be made both between wann- and cold- 
watei organ iiniS and betvk'een those that have naimw and wid^ toJerances. 
Optimnnj temperattire and breadth of tolerance* howe\^er. arc not neces¬ 
sarily the same at all stages in the life history of an oxg^num. For cxaniplc, 
the reproduction of mam^ marine animals is more dosdy eontrolled by tern- 
perature than is thdj Hcistence in either larva] or matun: stages. Also plank- 
tonic liiis'je uf tLuujy }>enihpjiie species require tetri pefa tines diSiwil Itom 
those nvost favijrable for adults. These and other divergence m toSemuce 
and requirements inHncncc the distribiitirm of all organisms. In some ptipu- 
htions icprodiitrion is ncFt possible and thq; are maintained onSy by the 
continual immigration of inimatine individuals- 

\VaTm water prorides an optimum crTvironment for marine life. Metatx^ 
lisni is rapid and genemtians follow each othei in quick succession. Under 
these oonditious evolutiDu might be expected to attain 2 maxinituu mtc. AJ- 
though no actual tebtiou between rapidity of repmductiDti and evolution 
lias been es^tablishetL a greater variety and larger nuinhet of associated species 
oeciuiii tTopicat communities than m less element habitats. This is one ex¬ 
am pfe of the general rule that with tnereasingjy favorable pbyslaiiJ condi- 
boiiS- the uuiliber of species in a community increases without 3 eorTe;Spoiid- 
ing increase iu the total popubtiori deiisity, aocL tberefore« the commiunty is 
likely tci be dominated by one or a few species. 

'Fhe mam physical effect of depth is increase in hydrostatic ppesstne of 
about one-half pound per square inch per foot of overlying water. Tim 
amounts to about d(K) times atmospheric pressure at rticau oceanic depths 
Less important effects are slight decrease in viscosity and inciease in densih' 
of water and diglEtly gieater speed uf chemical reactions. The inBiiences of 
these effects on orgauisms are not tuowin Expcniuents show that $ome 



ftguf* 71. Diffgnofti tndiaitlng fkn itrfiirmj depfh ^fvrtntzi of it-icrol rypei Cf*- 

roceoui urnmcii^ilfr^ DCeunihg tn Thjcdl Cancluiioni bowd momljf qci »+h? kmdy of 

Eflckiaing »«flniiFtl ond DEEwio^Dd ifMiit foyriq*. Tht o^nmanLte lyp^ a™ ntrt, ho^^VBr, ta 
diBfply Mponrtiid u% tka tuEigsiH becouM rhity mtirrgTade lo vOfnw eKtent N^^eithel^i, 
lhi« riKogniliqn of ifiaan typef penrOn fioncluifoni fo b« iimm «» fti* baAJ:i of 

thq finuiiiCHiiias nUsnm f&w Fraurfl 133, p. 325J. CAfret Scolf, t943, J, M, 

p, 31fag. 
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shallow-water manm: orgsnkms are injured ot fail to survive at ZOO to 100 
atmosplieres but otheis att much more mistant. On Ific whole, comii^er^hlc 
iinrrease in hydrastatic prcHUnc appears to have little effect on most iirgan- 
kms whose bodies do not contain free ga^es. 

The stratification oi different communities in the sea (see FiguTe 71) 
seems to he rekted more dosely to other physical conditions that ’vary pro¬ 
gressively with dq>th. Tlie most ohvicFUS of tliese are decrease ld light in¬ 
tensity and temperature. Aii plants^ 
except bacteria, and most animals lhat 
feed upon them arc tc$tTicled to sliaV 
low v^ater. Also the distriburiems of 
many animab follow temperature 
i^oues vLithciiit niucli regard to depth. 

Some arc knowu that ]iv€ near the 

turface in hoth aictic and antatctic re- , ^ 

gioiis hut aiE deepwatci speries in the__ / _._ u. 

equatciriul zuiie. / J 

0- 
Q 

Light is of primary iniportanee to 
plants because they depend upon its 
cncfg} for photosynthesis. Tlicrefore* 
in the 5C3, planb are rcatnctC'd to the 
well lighted shallow-water zone. In ]<iw 
latitudes brigjit sunlight pcrrctratcs 
clear water tq a dcptli of about 300 feet 
in sufficient quantity to be used by 
plants (SCO Figure 7 Z)h Most plants, 
howT-'ver, occur in much shallower wa¬ 
ter, DiatomSp for example, arc present 
in maxmutm abundancr at a dqjlh of 
25 to ^ Feet, They' arc still abundant 
4t 15(1 feet but in the next 75 their 

number 1 $ reduced ontr-lialf and at 300 feet only about one-fifth as many iti' 
divEdiTuls occur. 

Tlic dqith of light penetration m water depends upon four factors: [ I) in- 
tensin of light falling on the water* (2) latitude, (5) time of day, and 
(4) clarity of Maxinuim pciiettatian occurs when liglit falls from rii^ 

redly overhead. Wlien it enters at fiu angle more ligiit is reflected upward 
and the light that does enter follows a ijiagoual conrse and does !iot teach as 
great a dcptli. Thus the light of early morning, late aftemocn^ and at high 
intitiides iniich less effectiv-e than direct os'erheid tllnminatbUH Light 
reaches only half the depth at 67 degrees of latitude as in the tropics. 
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Wjilei ttljSQtlJs light of differciil kn^rhE differentially, Tlie longer 
wavt^ zit the red end of the spcetnnn are fiUerred out rapidly. Irr clear 
the shorter sviivc lengths penetrate more and rnort deeply, 'the longet mtjvcs 
are used hv' plants most effectively for photosvTithesis, In uiocc opatjue turbid 
water the portetration of all wgvc lengths ii reduced but the lit tort also 
arc filtered out piumptlY and those beyond the orange do nut rearzh iriuch 
below the surface. The cLuit}' of water adjaceut to urn?t coasts is highly vari¬ 
able from place to place and from thue to tJnjc depending upon the depth, 
the nearness to rivers, the tvpe of hottorti, and the idnd of weatlier. but all is 
turbid to some cster^t. On the average:; coastal water is only about one- 
tent! i as traiuluccnt as the clear vvater of the open sea. i'here fun;; plant Ufe 
is restricted to a nuicU sihalhnvci: mjisc iu must coastal areas and at bigli lati¬ 
tudes tlian in the open tropical oceans. 

Animals arc nut direcfly dependent irpan light but because idlfmatdy 
plants LOiistihitetlic riM>d uf all animals light is Jieeevsary fur their csistcnce. 
Most marine animals ire ^ensitix-e to light whellier or not they are ecjuipped 
Vk^ih eses. Many shun bright light and comniouly sceh aliaded or sheltered 
places. Some hide during the day and come forth to Iced at uidit. Tliis docs 
not necessarily lueaii tlmt light is dctnmenfcal to tliem. ITieteJctirm may he 
one tliat makes them less coiispiemius to their oicm ies or pmj\ SedeiitaTy 
animats have no need for eyes. Diet' simply v^ai! for food to be hrougld tci 
tlicm by water curreiih and live as success[tiUy hi darkness as. in liglit Eyes 
arc 3 great advantage to inohilc creatines, however, and many different kinds 
of riniinal-S pijvsess eyes in varicias stages of perfection. 

The effidenry of the eyes nf most animals is not known hut there is little 
reason tO Ccmclude that they arc much less perceptive of Ugh I tJiau the hu¬ 
man eye. which can distinguish illunijnation k'^s; tlian ouc millioniii as bright 
as suniiglil. I'ann shadou'.s arc disc^Tuible m very' clear uutcr at a durpth of 
HOQ and some light can sftill be seen at ZOOO feet- PhnfographSc platen 
indicate that a little light readies ^000 feel biit it Is ton hiinl to ]}C seen hv 
hnmsiucyTS. Absolute diiikiicwr prev'uiis dee|itr in the Some of the beii- 
tlionic aiiimah iiihubitLiig rk deep rwiliglit itnTic have mneh cidaigcd eyes 
bnl ilic cyc$ of others liavc dcgcntrared and lu a few thev liave completdy 
atrophied. 

Turbidify 

Modetate turbidity has littfe direct effect upon organiun^ and h importunt 
principally bccniBc d tedneesi Uglit |x:nettatioii iu tire sea. It may result from 
citlier II] suspended sediment or H i tire presence of atumdutlt planktoinc; 
iTigani^ms, Tiirhidih' is gcntral in coastal waters whereas the open oceans 
arc rckrively clear. Water in tbe Satgasio Sea, southwrxst of the A^jdtos in the 
North At fa El tic,. j$ l!ie innsf trotislitcent in the wnrld todav^ There light pene¬ 
trates twice as deeply as in the .Mcditcrrau^ii^ which also is remarkahlv 
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iifid ucailv ha-^nty tmic^ as far as in W'oods Hole Flarbor fm tlie Masr 
SiichiL^erts Ar^!i wf vm cliai Wiilcr art Jeficknt in plankmtiic organ¬ 
isms and sn^pirTidai organic: niatlt^r Lhat scrttlc to tlic bottom and cojistitiite 
the ficKsd of mkinv hcntlionic animiih. Coiisccjiientlv* abuiiilHiit bottom popu- 
laljon^ caj][int be cspec tetl. 

Escc^iTiivdv turbid aras are inifa^onible txi many fotiiu of tnaiTnc lifc^ 
particiilaTly moit brtoxoans sntE corals and numerous other 5ie?iSiJe filter-feed¬ 
ing animals. Siv£.h Uirhidity may result (TX>m I 1 j Lhe ncttrness of Large nvm 
or (2i strong "^Tiives and ctrnents Jjbove muddy or silty Iwttoni. 

Ahujidiint suspended sediment interferes ivith feeding and respiration^ buL 
Tcdueed salinity or imsintable bottom conditions probably accounts for Uie 
absence of some other org^misms m Utrbid aica^. Also sediment niay acetnuu- 
laic relative!v nipKlIi' iii such area ajid render it unfit fur many Iwtttnn- 
living oi^nisniK. 

Wtn»fs fiirid Ctifrenfs 

Tlie tranquillity of tlic sea is disturbed by and currents. Some mox^c- 
menl in the water U required to \ 1} mainlain equable sabuityp (2J reduce 
teinperatiirc variations* O j cany dissolved gases and ftiod to organismsp and 
[41 aid hi fihe iiioveiiicnt of orgaoisiUiS feun place to pLice. Sviift Cuj icittSu 
howcvcrp nr itTOn“ tutbuJcnce produced by wave fe unfastirable for many' 
forms of luarinc life. Nevertheless, a varied and highly ^uLcessful gronp of nr- 
g^mimis u adapted fco distiirlicd conditions in very shalloH,!' water and near 
coasta 1 si tmtlom. 

Ordinary currents rn tlie sea mrcly attain .i x'cJocity^ of eight inches per sec¬ 
ond. Ill is equals about lialf a mile [>ct hour rmil il is clo^c li> the iifcasiiiiunl 
tocorded mea^ureiiitmt of local Liurunt near the bottom. Cinreuts of Ihii 
strength ate cupahlci^f eroding unconsolidated sand .ind rill and might ocett 
dangemiL'tly' stniiig pressure on delicate organisiiwi liviirig at the boltnnir The 
Gulf Stream flo^v at ^ rate of about lour miles per hour where it is con¬ 
stricted in Mic Rofida Stmil, but Uiis is surface movement: speed k nincLi less 
near the bottom. J'ufbubtv cuTreids Tuay be much iwjftcr .iiid more power¬ 
ful and they arc likely to w'rtak havoc opnti all l>oltoiii life. A cunent of this 
type piTcsduccd by an earthquake in the Gmiid Bank* [^girm south of New- 
foundlaiiid ui 1^29 attained a speed of niure than fifty mdei an hour on a 
slope of less tbaii utiedijilf degree and broke snbmariiie cables 4(10 miles frum 
its point of origin. Vgss' areas on the sen bottom, however, cscqjt m very 
^tkallow water <ir ai long intervals of Uniic. arc subject to currents strong 
eiiougli to interfere sericHirfv with most orgamsms- 

On the whole, cummts hi the vea arc fuoi^ adv^ilageous to marine life 
than tliey am hunufuJ. nicy ptrfomi a piiiciikrly valuable Venice in fadli^ 
taring the distobution of luany iirganijmsi. SpKJrev aud the resting stages of 
plants atid the eggs and biirac of ammsis ate moved pritiKirily bj currents. 
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Tlm<: pbnktonic plants and animals of tlic tenipeiate and aicUc zuoes sur¬ 
vive frum one season bo bhe next and are dispersed widely. The larval life of 
bcnfhonic animals avenges about thiee wo^, aud a current as sUm' as 100 
feet per hour would cam' tJiem about ten ntijes. Hiis b the pnndpal wav in 
which sessile animals can extend their range and such a rate probablv is 
greater than the speed at which most bottom-crawling forms can migrate. 
Some ocean cunetits follow more or less circular courses within a smgle 
dimatic zone, Otljers How from w-arm to cold regioiu oi vice \ert 3 . Organ¬ 
isms transported by a current of the latter type are likely to be carried into an 
unfavorable environment and periih. 

Waves can be very destmethre in shallow water and along exposed coasts. 
Tlicy stir the hottnm actively to a depth O'! 50 feet or more and move pebbles 
and even cobbles along beaches. Most organisms cannot endure such condi¬ 
tions. Tliosctiiut can icticrally live in aeviccs or other shelleied places, or are 
able to cling tenaciously to mck surfaces, or are cemented firmly to thcni. 
In spite of its rigors, however, this envinmincnt is favorable for hardy rtrgan- 
isms liccattsc the water is w-ell aerated and food commonly b plentiful. In 
the tropics this enviroimieTit supports a spccialtred conitrumity of organisms 
that bmlds extensivE rteh and prospers best in the most exposed situations. 
The severity of wave birbiiTcnce along some coasts is reduced by the abun¬ 
dant growth of kelp. Wave action in the open sea Las little effect on planlt- 
tonic organisms. 

Bottom Conditions 

Ohservatioru of modem marme benthonic faunas reveal that two periods 
ill the life history of hidividiJals ate of supreme importance in the survival 
and distributiori of tire species constituthig the poputation. Tliesc are the 
time of egg and sperm lipetiitig and spawning and the time, unmcdintely 
preceding metamorphosis, when tire brvae sink to the bottom and seek a 
place to continue their existence. 

The wastage accompanying the repnaductioti of rnosit marine organisms 
is enormous. It is clearly indicated by the thoosands to millions of eggs pro 
duced by a single female during Jjef Itfctimc (see Figure 7>) whereas no 
mure tJiaii two need smvive to maintain the ptipulation, Most of the eggs 
and larvae ate consumed as food by nlber oiganhrai. Many others, which S 
to find a suitable eiivimumcnt for further growth, are also lost- A Lm’a. liow- 
evcT, that reachet a favorable spot, becomes established, and achieves a good 
start in its adolecent develupment has escaped Die greatest luuairls of ib 
existence a nd has a reasoiuhly good cfutnee to tcitb nialnritv. 

Most inanire benthome otganinm are adapted to certaui particular coodi- 
tions of file bottom. Their larvae seek places wheie such conditions can be 
foimd. After settling, many larvae Iravc the ability to postpone metamorpho- 
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Rgur* 73. Dkj^rarn ihowin^ !hq roriigei Irt number of 
Of paung produc&d by imiftnt b^lhonlc |jny»nebitil*i 
pEr {Emolfl pOf brndirng^ vmasan. Th* waiSogE amqfig po- 
loglc iorviae h onmnoyt. (Aifapte^ frniil 19% 

ffof. fi«vloir;i^ 25, p, 4^ fig. by pcnn^lon ^ tha 
Cambridg# PbLfosopKicot SociatyJ 



Pta^rt 74v Much-goflVFtrllied curve thcrwlrig the nldi^ dJiranily cf maHne banlbOTk 
f^unoi adopted to llte on rype? of bettom. A brge Ymiety of orgoniuifi IIt^m 

on ihofbw-wotvr rocicy surfowi^ An iwiMoble gixrral bdltonr it ejiceedtogV unfoirwobt*, 
ond fnuch icmd dsO n umitada ond bdb orgeifik: nuartediil. M du doCruasH, 

O boHiMn gBiremJly It pwtdod ond bentFionk: orgoivejMm Ota maim obundonti 

Much ntini^ ho waver, h too lofi to lupport teailo o^gonlimv wharecii o lima boitom 
ptovidai o tovanxbb tjfiiizitoft. In o coniidamtion of ifiii kind depth obo h Impoftont 
but ki thb dtogram pnliF ibollow water It cooitoarad. 
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sb fifjr pcriotR nin^tig fmm mvcihI dilvi to u few if tliey do not im- 
iTitdbtclY come upon 4 fjivoiabk’ vihiution. Larvae are attracted oi tEpelled 
by a variety of inflitenccs that arc not well iindeisfood. Some hnae are gre 

gBicoiJs. Otliers avoid their land. Prac¬ 
tically ail react ti> a mare or less 
complex cornbinution iif phpLcal condi- 
lioiis. Mtol Urvac icem to be indiffer¬ 
ent Ui the inineiaiogif or iuot^iitc 
cheuiLcal nature <if the iKHrinn The 
coar^cde5s or finenea of the botttun 
sediinent:, however, is of great impor¬ 
tance. and whether the bottom is stride 
or unstable, firm or soft tcmmonly 
determines the Itiird of lan-ae tiiat will 
settle upon if and benmic otabltslied 
(vtic Tiguics "^4 and “?}, 

Firmness of the bottom is related 
intitt or less directly to the sire oE sccli- 
iiieiitaty particles and the aniDimt of 
interstitial water present. Sand is liktJy 
to he hTm but umbible because was-C 
and current action commouly keeps it 
ill more rn las ccmitant mntion. fi> 
general nuHt silty and calcareous mud 
hot tun IS, itgardless of the finer sedi¬ 
ment that mpy he prtricnt, ate likely to 
be rrasonably firm. Silhfree and Tichly 
organic muds, on the olha hand, pro- 
vtde soft bottoms into whidi most or- 
gariLimii sink. Tlic latter kind of sedi- 
ujcnt may be 110 moir than a eolkiidnl 
slime iiirupahie of .tupportmg ain thing 
lai^ei tluin microscopit size. 

Iiistabilily nf tlie hnttoin mav icsiilt 
fT!im the slining action of waves and 
ciirrcnty on iuiu:inso1id;itcd material or 
irnm cuntinued Sedimentary (leposi- 
tmn that is rapid in toiiiV of rlie 
life spans of badhonic organimis. In 
either case the bottom is tinfavomblc fur tfie cxivlciic'; of uinst sedentan 
forms, and the presence of cuials. btyoiijaus, and iiun-pcdiiiiLiij.itc Irmchto- 
pods i$ Vitilikelv, Vagrant animals well as molliiws arc mit »« restricted. Many 
on cieqj alxiuf on dilfting or actuimiluting sediment's, anil utbcfs burrow 


Figure 75, Dio^rom itHjwliig thdi gtn- 
«rcit r^tcili're compoiitiori d *of\y Mluis- 
tr]ap>liDFi hitmoi ’m iht MEiiisijppI' Vdiity In 
dvffvfTfil Jkindl til l^tTniiniiiTy toikr nin 
pnrciftmagrt rtrht lb nLifnbari of 
OCEjurring in nml-tar kindi nf foch DdIq 
campiEed hnrri the nrraJ^A gf puhLjihed 
ftAuncI Eifli and. ErthclE^gj^ ^ 

ihe tocki cJEirifginmg thecn. Ct^plg. fmm 
SliMl, 195 a, h iPa/eoff.^ tfoir 32 h p. 711* 
fig. 4.} 
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in Ihe monc or Ices soft boUrmi. Some oiganisms axe adapted to aJmost 
csety sorl of bi>ttotii cotiditiuiu, and the [t$hnctinTi of bcnthotiic faunae or 
their abiCTtcc generally is iH’caiioned In otiiQ unfas'orable fttitnres or the tm- 
snionment. 

I'he nature of the bottom influence? the proportions of bentlionic oigan- 
isms that cornprise tfie hitauiia and the cpifauna. Local conditions are iiiely 
to fhs'nr one gnnip os-er tJie other, Tlie infaunal ensiioiiincnt is tlic niosl 
stable and uniform cnviionmeiit of the sea, and infaunas are less variable in 
both kinds of organisms anil tiuiJibers of iiidis-idiiah ilian are epifaums, Tlie 
surface of tht sea bottoni diflers gicatly from place b» place ranging from 
soft mis table scdimeuts to hard and tocky. It U exposed, also, to many otiicr 
environmental variables that are (ess directly felt bi- infaunal crcatiireB. 
Tlicreforc, local qnbiinat comm uni be? are more divenc in both composi¬ 
tion anti abiiutbncc of mdividuaLi- Tlie diversity is most pronounced in 
I'ciysliallow water and in tropical iteious. 

Food Stippiv 

A proper and adecjuatc food supply b of the utmost importance to every 
□TgaiiLSiii at all stages of its existence. The food requirements oF difrerent 
oiganisnis are cxtceiiielv varied, and the kind of food available is one of the 
most iniportant elements of an eiiviTOimieiit. In general a rather definite 
foi>d chain linti most componeiUs of j niannc organic community. It be¬ 
gins with tlremicioscopic plants of Hie plankton ivhidi create orEJuic matter 
l^lb the aid of sunlight. Thcie plants are eaten by liny planktonic anlmsls 
and larvae, which in turn art tanuunit'd by larger cicatnres. Eatli link iu the 
chain consists of larger animals that occur in xnialle; nomben. 

Another group of organmns exists more or less rnitsidc the direct food 
eliaiii. Its mi mlij-Tv aic not predominantly predaloiy but they may become 
tlic pey of other aiimuls. Tljesc arc the scavengers, csttioii eaters, and de- 
tiital fecdcis that subsist mainly upm ilead orgjinic nvattci. Here bacteria 
are important, and miiny different kinds of animals also ctmsiiime the re- 
tiiaiiii. (if organiHnis in variinis vtages of decay. Other animals occupy a .vuuie- 
what intermediate position, devouring both living and dead oiganic matter; 
detntul k(.*dcc 5 particuiarly are uitielcffive with respet to food suspended in 
the water or mised with scdunciit of the sea bottom. 

According to rlicir methiKis of obtamuig food and thdr dietary prefer¬ 
ences. organisms can be classified as follows: 

1. Pigmiittcd pfuitbi. These are tbe priiuarv producers of organic matter 
n'hich provide the base supporting ahnost all other forms «f marine life. Most 
important arc diatoTiLS and iither luicnwcopic planktonic plants. 

2. Htrbivor^. lliese imlude a wide vaiietv of animals belonging to moil 
rtf the nnn-scsile phyla, Tliey, and particiilEirh- llic TOialliT spccrcs., provide 
the connecting link Isetween plants and most ntllet animals, Pratojirwns and 
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arthropods arc of greatest impotbante among the plankton. Among Irai* 
tJiothc aiiimab eommonly preserved u fossils are maoj gaitropods itrid Mine 
cchinojds. 

I, Gmifvores. Most carnivores are active animiils that move about in 
search of pre>'. TIigj- also include members belonging to roost of the noii-scs* 
sile phyla. They are well presented in the plankton by arthropods. Most 
nekton t amuials are camivtucs, and 6sh and cqrhHiapods are good exam¬ 
ples. Altbougb excliLsively carnivorous bentlionic .mimalf are not ahtmdanl, 
starfish and some snails and woniis arc lepresentatis’es of this gmup. 

4- Mked feeders. Many meniber* of the pLmkton rnhsist on both plants 
and animals smaller than thciirseJves. 

3, and siftan. 'fltcse are mainly sedentan- animals that feed 

upon miimte arganisuis and particlts of dead organic matter suspended in 
the sea w^ler. This fond is bronglit to tliem by both natuml and artificially 
induced ciments. xMost r»f these oniniaJs are benthonic and tbev include 
sponges, corals, crinoids. hryosoans, brachiopods, pdeq-ptKls, and many 
womis. 

(j. SctTV'cngers- Scavengers live mainly ttpoti dead and decaying organic 
matter iyuig upon die sea brUhim, Many of them are more or less oninivtimus 
anri upon occasiou they wall attack pi capture other living otgaiiisms. In¬ 
cluded here arc iitany Mtthiopitds and some echiuoids. 

7, Alui eUtn. These arc 3 special type of scavengers that extract n tJurisli- 
merit from the bottom sediment which they ingest, Tbeir fond consitts 
mainly of decaying oiEanic mattci and bacteria. Examples ate holotlnnians 
and soine^vorni^ccbiiiiiids^aDd artbiQrpods. 

8. Jldctcm.Tlteseare the agents of decay. Most oTBamt matter that is not 
conjuiiied bv animals is decomposed hy them and the elements arc retmned 
hi simplified form to drenlatinn in the sea. 

Tliis classificalinn « imperfKt be«iitse distinct ions are not sharp and the 
different groups onerbp. Also the examples listed are not Bdiamtivt 

Under optimiun conditions all QTganic matter produced by plants is sao 
cessivcly reused several hmes by animals until it is all coiuitmied or destroyed 
by' bacteriaf decay. In every stage of this process organic matter iy used as a 
soiirce of energy. Only a portion of it pentsts and is cmiveited into the 
bixiici of other crieafutcs. In each stage of ibis recycling pmeets, it lias been 
estimated, about three fourths of the organic matter is destroyed and thus 
removed from t ht systeui of interdependen t life. 

Or game A$$ncidlions 

'Ibe relatiQos between oigauisms ami the biotiTgie elements of thdr eu- 
viTonmcnts are fully as numerous and complex as Hic relations between them 
and the physical elcmcnli. Those omeemed with food supply have been re¬ 
viewed. They are fairly obvious. Most other features of oigiinic assoeiaikra 
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ait! debited to competition and tLe strnggic foi ndstenec. Tlie restilts of com- 
petititm an be $mi in the great variety* of tnorc or less wxJl-stabilized bio¬ 
logic cnmuiuiiiUei. *lliese ait w tninieraiis, liwe^cTp and differ in so tnany 
tlmt they art difficult to interpret. Different organisms read upon eseb 
other dtbei favoiably or uiifavoTably m wnous degrees. Thdr influencses 
may be s’erv and probably they are not the same under all ciicum- 

itancs, 

^\11 oTgaiii^mf ccmipetc for liviug space and food, Reptoduction is so effi- 
deiit and the potentiality of mitltiplication h so great that oidy a small ptr> 
portion of the nw individuals pr^uetd can ptHsibly snndve. To do so a 
iie^' rndividua! must cithci (I) find a favonible ^pot thal is ujiaccupied or 
i Z) renter an established cdniniuniry and make a pljiice far itself by erod'd in g 
Out an individuiiL that is already thene, The cliances of finding vacant favor¬ 
able spot A arc very- except for early members of a population that is 

seasonally rcnc\^*td. Consequently^ the efforts of most iodividuats to become 
estahliith^ involve cninpetition with other individiiab of the some kindp 
whose rccpiireincnts are identical^ or with organisms of other Linds, whose 
needs are somewhat different. Tlie abxmdance of urganunis liviiig in an ares 
is n gLiod index to the fr>cxl supply unless physical conditions are particularly 
restrictive in some respccL 1 liis cannot be judged accurately for a fossil com- 
iniinih\ howcs^eiT because soft-bodied crcaiuces gcneially are not jiFeserved. 

IntTaspecrfic and interspecific coiiipetitiO'U operate soincwhaf differently^ 
0 compelitinii is mamly bctwwn individuals ol the ianie species, all with es¬ 
sentially tlie sairie potenrialilies, pTessurcs arc likely lo build up aud become 
progressively more severe as the individuals and |wptilation grow. In this type 
nf conimLinit)'* Hicrefore, weak or Jess fa^wably sihtated individuah vnccumb 
at all stagei of dc^elopmcori and a fossil assembiage probably would consist 
of abundant -^pccbiieiu of all sizes and ages. Such coni petition apiaarcntly is 
reduced among sonic airimaLs by subtle influences that di5cmTT3ge larvae 
from ^ttjjng among established jndmdnals of their own kind. Tlic icsidt 
may be the nccutreiiee of fossil oisemblages consisting of matrire specimens 
trnacccpiiq>anicd by jns'cniJes. Ifi on the otlicr Itand, ctsinpctitioir is miimU 
between individu^s of different species with somewhat different polcntiuli- 
tics, anv advantage prjiisesscd hy a very yoiiiiE individnuJ is mote decisive and 
is likely to increase with growth. If such an individual is snct'cssful m gaining 
a good start it has a much better chance of surviving until matunly. Fheic^ 
fore, a fossil assemblage consisting of abundant fully grawii specimens not 
accompanied by manv young ones likewise may indicate competition with 
species that have not h«n fossilized, 'fliese are only two possibiliiit^, liow^ 
ever, because such m^hlug^ alKi e^in be eaplained in othci w-ays. 

Bdorebicdogic communities become rdativcK stable by the attainmcol of 
interspecific cqurlibriiim^ they sre hkdy In pass through a succcision of 
^olutionary stages. In evolution of rhi$ Stand some $pecio become cstab- 
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lEhed before otJieis and by Ilieir presence illei biologic ettvimtitticnbi iind 
the possibilities for successful cooipetition by other species* Thus snme or- 
gant$ms prepare tbetm for others uiitil al last a so-cdlcd dhndx commmity 
appeal^ that persists with lebtivcly little clisrigc as long as physical condi¬ 
tions remain the same. This ts a principle well tnosra paiticiilady to bota¬ 
nists and it abo holds tmt with respect to tCTTCstiiil animals Althongli it is 



Figure 7tt. Mgp ^ fba Redwoher orers In Alberta, C^madq, flowing 
ihE organic natunfl aF iaduC Umiriicrn e tOw.l M the uppm 100 
Net oF D r««F Th^ c&ncentrattijn of algae and otFier ml buJMerj 
along thft northMit ild* rewmbles the paffetfi avrdant In madern or- 
gonk recN. cofidusbn b drawn then th* grpwih oF thii feef was 
ilrangtjf influenceti by prBvqElmg w\n4i and cqrfcnh thai utma frnm 
rtiH nartheait. (After Andnchulc^ 1^58, Bu/J. Am. Aiiac Geall.^ 

vat. 43. p. 7i^ frg„ 53-1 

not applicable to all plmses nf raanuc ecolugi', one of the clearest cjtaniptcs 
that can he cited is the dO'ClopmEiit of au oigantc ttcF conimimitv, 

Oganic reefs start with the appearaiitt and local establish men I of colonial 
tntaU, or ntlict oiganismi nf similar habit, m the imdst of a topical bcntlinnic 
eoriimuiiity. 'Ilio form the beginnmg of s hard suhstraftmi and also serve to 
trap between them whatever sediment is avaibble. B) both of these processes 
they build up an area tliat rises slightly above the sinrDuuding sea bottom. 
This plaifnrm pnividcs a base for the stablishment of or^nisms. ehtelly 
corals and caJcareoiu algae, that require a hard substratum. t)ther organisms 
diicover a favorable cnvtiuninciii in shdtncd niches in the framework so 
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piovidecL debris dcrivctl fmm tlieai £lk in the space helween the 

fmine builders and is bound in place bj sl|ac and oihei encrusting organ- 
isuLs. In tlnsi way the leei platfonn rras tmtil ir emnes into llie ^uiie of wave 
tiirbuFcncc. Here phpieal curiditians chiinge, \n crnimnincnt b provided fm 
organLsms that retjusn: mfsre ligliE and betTer-aerated wattr, and the older 
reef euDimuruh is replaced. Species closely re fated to those inhabiting the 
quiet lower levels give wav to others thiic are unsuitcd to csisttncc on rhe 
tMttmii. Further upward growth into tough water of Llie surface zone Ttifijllfs 
in oUier biologic changes. Lateral clifforcritotioQ :ilso begins, .\ eurinnunitv 
adapted to the exposed iituatioTi on the outer edge of tire reef grades into 
others rhat ciccupy the less disturbed dwa of liie retdf summit and perhaps 
the relatively quiet« ate: of an intcrTcef higoon (see Figure 76). 

til coiitmsL iKianv marine benthonie eoiEiui unities apparent ]s perer 
acJiievc stahilitv^- Some organisms may prepatc the wray for others, hut no 
clifna3c cOniraunit)^ develops and change gradnany follows change in a never 
ending sequence, lire diSetences betw^een comm uni tiCst uf this hpe and 
stable cciimniiiiititii cjf the kind probably are con sequencer of (1 ] the com¬ 
mon failure of some matiuc beuthonic auiniah to Tepmdiice themselves 
locally and (2) the dominant role played by terrestrial plants in ensting cit- 
vironments favorable lor certain animals and the gEneml lack of any simila: 
ecologic coiitnnl ui large a reas of the 

Pelagic Environment 

Plauktonic organif^ms are the most abundant inhabitants of the sea. Most 
of tlieui are uf mirroscopic size, many fall prey hi larger aniinah, and very 
few- art wd! suited to prescrvaLioii in scdlmcnl if they Slut to tfie bottom 
after dcHtli. Most ncktonic cneatures leave little more tluio frdgmcrrtary 
cr'idence uf tlieir existence^ Consequently the fossil ixcord yields only scanty 
in forma Hon conceming environ men ts above the hotlijm of the sea. Pelagic 
environments through out large areas are much more uniform than benthonic 
ones, varying mainly in tempemiure and saliiiitv'. Fossils derived from upper 
zones, sisdi as planktonic fommmifera^ giaptoUtei. and some ceplmlopods 
and fi>h. are not very useful in indicating diffierenees in theie cGiiditious, 


Fresh-Water Environment 

.\II uf the factors discussed in connection with marine eiivironTirents also 
are important in fresh water, Organisuis inhabiting fresh water, hovvcvxr^ are 
much fewer in Llisd tlian those of the sea ^nd their fossils provide niudi 
infonuatwm regarding tuviTonmadal vaiiatinns. 'lire physical cliaTacteis of 
sediments gencnilly are more sciviccible tlian fossils its indicators of deposi- 
fcioiial cooditUmi. 
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Terrssfrial Errylfonment 

Most tencstna] fossils aie tlieleuiains of orgjuiismi that did notinliabit dit 
BisiiDnment in which they were preserved. ThcrcfoTC, the coirebtion of 
sediments atid fossils gpnendly is not sn signiEcant as it is ui the case uf ma- 
line ei»'iTOnnients. Much can be learned about teriestnat conditions from 
thestructnicsof both plants and animals, particularly vertthrates, but mdsfly 
these conditiciQs were chamcterisLic of places that Bre unknown even f imitgh 
they probably occurred near the lt>ca 1 ities where fossils liave Ijwn found. The 
principal exception Is the swamp ensHionnient, but swaitip conditions cont 
niotily ate more dearly indicated by the nature of the sediments rbnn by the 
rnnaim of the plants they contain. 


INFLUENCE OF ORGANISMS ON SEDIMENTS 

The ixifincncc of sediments on marine organisms and their ccohigS' has 
been considered in ihc foregoing sections devoted to turbidity and iKffam 
conditions. Conversely, organisms exert an important Jufiuence on sedimen- 
hrtiem. nicy have been instnmiental in deteimitiing some of themusi prumi- 
rent cliunicters of many deposits now preserved as sedituenbify rocks. Or- 
ganirms have been important geologic iigcnts in coimecfion witfi 11) the 
pTTxluction of sediments, f2) the accumulabon of scdimenU, and f3) the 
alteration of sediments after deposition, Ttieir rebtions to these prttcesses 
have ecologic implications that ate of considerable interest if thev can be leC' 
r^nized. 

Production of Sediincrit 

On land,plttnti play an imporlanf nde because they both accelerate and 
retard the production of ledimcnts, Carbon dioxide and so-called humic 
acids resulting from the decay of vegetation circulate in ground water and 
aid in the detomposition of umtablc locfcs and minerals. Plant rtrats <3- 
cliangehrdn^en lor metallic ions, required for plant mEtahafism, and create 
acid conditions that alter mmcmls in the soil. Such chemical actiini certainly 
is important but its relative oontrihutioii to weathering processes can mrclv 
be determined. On the oilier haiitl vegetation foiros an effective protective 
covering on most laud tuifaccs outside of desert and arctic legions and on all 
but the steepest slopes. ITiis cover blankets and binds Llie sod and prevents 
erosjon and the production of transieuf sediment. Plants Itnvc been more or 
Jess effectivTc in this way since at least btc PalcCuoic tiroe and probably their 
elficjeaicy lias steadily metease^ 

The actual production of organic sediments, rather than the aftcration of 
niinerah by organic action, is a much mciic obvioui and important result of 
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the activities of org^iiismjs. Many tneks coniist predominantly of organic 
products ar mcludc sudi abundant organicaliy derived material that thdr 
whole cliaiacta: Hnd appearance are affected. Carlxiitaccous sliale^ and other 
carlxiftatciitt^ wcks particulaih lecoid I lie eii^tuncc of abunduirt life even 
t]v.High none of the drgaiiisois tliat contributed (ro the sediriicnt is 
enough presented to be identified. Tlni^ Prccambrian earbonaceous rocks are 
evidence of Life long before the beginning of the fossil recend. Carbona¬ 
ceous roelca also iiidicafc the cristcnce of an en^iroumeut in wliich au im- 
poitauL amount of oigank matter w-as not utilized as food or destroveit bv 
bacterial decay. Such evidoicCp herwe^er, is not siifEdcnt to etumciettK^ an 
cnvirnnntciit svith ddsiiable precision. Thcrefcrre, otlicr sedimentary fcahires 
and relathins must be called npon w'heie possible to aid in dekrmining 
whether the organic material was derived fiom plants or animals, whether it 
accumulated in place or was transported and whether it was deposited tinder 
marine, fresh-wTitCT, marsh, or terrestrial couditicms. 

Citcarcous material occurs in rocks mUed in all proportions witli detrifal 
sediments of inorganic origin- ^luch of (he coarser calcareous materia] oh- 
rioiisly is organic because die sbtictiins of fossils m vurious stages nf hag- 
men ta Lion can be tecogni^-cd^ Fine calcareous sedunetit^ hmes^er, is nf some¬ 
what doubtful dcTiv:ation. Some of it certainly is of fossil ou^iu but an 
unknown amcunit was precipitated horn sea water as the result trf biologic 
activity^ w^ithout havmg been part of any organic structure. Depending upon 
how' such material is regarded U mighl be classified as dtlicr organic or 
dieriiiciil j^imeiit. Because custom lus not been unifoini in this point, ath 
mates of die proportions of calcareous sediment cofisidered to be organic 
Irnvn vyried widely. Agreettiem is generah hnwever^ that very little calcium 
carbonate is ptcdpiliitcd tcaUlly without Ttlptiou to biologic activity except 
in a few' specialized environmcolSH The principal exception is liiiic^tone as¬ 
sociated with oraporitc deposits^ and oolitic limestone is another possible 
example. 

CJrgjnisiiBp tlierefore, accoimt for the production of most calcanfaus sedi¬ 
ment, Slid the calrareous content of most rocks, except tluii present as 
secondary txmenh h a tough index to the lektive impoitantc of biologic 
acrivily in many marine envitonmtmb. Judgments based on I Jus factor, how- 
e>^CT, mil-it take into account the greater solubility of lime in cold w^atcr wlicif 
shallow^ licnthonic communities include a larger proportion of naked and 
Ihrn shelled species- Thro^ighont alt gctjlogic limCr orgaiiknir ap}>car to Ituvc 
caused the depasttiun of calcium carbonate just about as rapallv as it w-as 
carried to the in solution from the Lincl. During all iif this lime most of 
the lime hni accumulLUcid in rdalively shallow water where w.irm cJimaEk 
conditiom prevailed and lime-secreting orgarumts were most plentiful. 

Calcium carbonate is much less ahm:Ei^t in fresh wnter deposits tliun in 
maimc sediments, but some fresh-water limes tones do occur Tliey also are 
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largdy the result of biologic ijctmty 3nd requiic no spem! comjaetits except 
Lhat plants probably pLiyed grcitcr part in their development lhan in tlic 
forniatijaii of imny maiinE limestones. 

Aocumuldtion of Sedijriienf 

Most oiganic sediiiieiits aceurtiukLe eJose tn the places where thej origi- 
naie. This is particularlj' true of nuich calcium earbfniate and is m strong 
contFpist to the gr^t distances that some finc^ined. ddribh iand-dcrived 
sedinjcnts are transported. Consequent i\ orgamsms are mainly responsible 
foi determining the general nrea.s in which calcaieous sediinentj accujiiLiLite. 

Organisms also inJQaeace Lire dqwsitioii of dettital sediment, ikaweedi, 
paiticuliiiiy where they grow abimtkiitJy an tltc Uottoirit interfere with cim 
rents 4ncl reduct the hitbulcncc of wava* Their presence creates a more tran- 
qiul CTivimiimcnt than would otherwise (jcciir and at many places provides a 
favorable situation for the settling of Bne suspended setliincnt. Some ani- 
mab, such as colonial coiab^ bii’ozoaiis, hydroids* and stalVcd erinoids that 
grow upward from the sea bottom* have a s imila r efiect but probablv thev 
piodirce somo^^hat Ic^a efficient traps for sediment. In addiHnn, the binding 
Ectioir of encniAting forganisms and some tube-inliabiting worms senes tu 
pre\'enJ the scaltering of sediment by Vi-aves and tmtenh* This is esj^ccblly 
important in thebuildingof organic reefs. 

Mteration of Setfimt-rr^ 

Land plants draw sustennnee fTt>m the earth, and the action of tlidr roots 
results in some altagtinn of its upper layers. Althongti this pmtess lias curv 
tnbijted lo the fomiation of soils, pniljably it is gtcvitly subordinate to the 
leaching 4nd dieniical activity (^F downward-percolating ground water. Old 
%inh h^vc been pfcseiveti in kircshrinl ^edimenlaty dqjosits of various agts 
extending back at Leic^t into the btc Paleozoic. Many irndetchtji^s that fjccur 
beneath Carbonifetous coal l>eds and the interglaciut soils of PlcistoctTie age 
arc gE>od examples. 

Tire growth of seaweeds docs not have comparable effects bccaiiic these 
plants ait; equipped with holdfo-sti thal do not function lire same way roots 
do, and nf> layer ;ikiii lo^oil tIcHinps on the veg bfittojii. OrgaiiLmis of Hie 
marine epjhnina Itave link or no direct effctl: upon the pediments except far 
Hie!suj{ace]mid eaters, 'lliesc creatures removt or^nic matter, that stomach 
pucres may alter some unstable mincTals, and they break some of the icdi- 
luciilafy particles down to Yiiiiilkr sizes. I'lic resuUs of ilicn atthitiis, how¬ 
ever, are not eimspicuous and are likely to pass miTetognizcd Bactefia arc 
very abundbmt in most bottom sediment w^here Hrey ctiiistnnG much organic 
mittcr and their waste products niBji alte^ unst^bk lumcrals* hut witlicint 
ffpccinl stud) they and the ranlhs that the) accomphsli are not likclj to be 
nolicad. BtiittiwinganiiiuLlv nf the iiifautia pi™ llnmigh the bfjttom ond, if 


p,\leoe:cology 





Rgufe 77 . DwTm¥Mir>Q ut crtl^ljrkg b&nt^vnk ctlSmoU can e\ihvr dciir^Y or Cf«lte 
vtirloul ktndt of fflinof i+ructtirti Ifl iadimatife Ihu WtrEl* depend upan (1) fypm of 
wdJmflflf, kind end number af onlmak tiieir actwtty, onif 14) fCle of s^rnenmry 
depoihkn. For oXtimpifl^ iedimenf caniilUtng of more or Ibbe regolorly b^ddfrd loye^* 
eon be dithJrfced and m^Ked lO iboT olterariOfi progressei from A fa C O, ond 
Sn the loll of which the vedlm^n-f hai bttarl thofooghiy fnboefL Qo the other kojid. 
homoe«neOM tedimenf conviling of o miHfara of dJlfsi^ilt grain or moterrok <k 
Jii f coil b* worked rwot lo produce iifucmrea sSmifaf To ihaiA in £3„ C* Of S, (^fief 
Moore and SrCruiOfi, 1^57^ BuiL Am. AhOc. fetfofeom GeaL^ fOl. 41^ p. 3743, fig. 12.) 


they arc shujiduEitk may qaickly destroy all evidence of bedding (see Fig^ 
ure 77 J. Therefore, the occurrence in any saliiueoe ol well-marfced lamino- 
dou tliaL is not the resiiU of compaction or some other secondary process is 
excellent e%'idetice of the absence ot mcjst creatt.ircs of tins kind. 
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bibliographies accGtiipitnyuig chitptss thece aft 215 ^ flnnntatcd 

bibJi[igt;iiplik!5 iHTung^ hiologictilly* 

Hunt, O. D. The iooA t^f tlie bottom hum of the Pljuinuth fiihing 

grriund^r BioJ. Awoc-, vnL 1 pp. 560—5^9. 
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cusst'd. 
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ing reblinus to physical eijvinmtiicfits. 
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Tectonics 


Most sediments and setlimenlai]^' rocks owe thdr cidstcncc to tectonic ac- 
tivitv. Were it not for upland areas no detiital: sediments would be pro- 
diiecd, and without zEjm’enatiorj npljuds would be worn down by erosion 
and disappear beneath n univeisal ocean. In much the same wa\\ if there 
were no b^ins close to upland areas, scdiniciihf would be sssTpt away and 
lost fu tile deep sea, and il basins did not snlrstdc, they would soon fjc tilled 
and depositictu within them could not continue. 

‘Tile main episodes in the tectonic hhtoiy of depositionaj areas ate ni- 
corded by the stmctiital rdatioiis of successive strata. A siniilar register is not 
presers’cd in upland r^ions where tlie erosion of one epoch destroyed the 
evidence of its predcecisor. The iteord i$ not completely Tost, hown’er, be¬ 
cause something can he learned about a region by observing the sediment it 
has produced. 'I'hus tlie rmture and extent of sedimenls piovidc a rBcord of 
the tectonic activity of both the areas where they occur nnd thoseiron) which 
tiiCT came. Tlie struchircs, such as lolds and faults in sediineuts and rocks, 
also may.provide some indication of the forces reiiJOnsihle for the uplifting 
of certain regions and the depnashm of orlieis. 

TIjc pttenis of scdimcut-proditeiog lands and basins of deposition have 
varied greatly in the past, Tliey have been tnffiicnccd and at times pE>- 
foimdly changed bj tectonic activity. So far as is kucuvn, liowever. these 
ctmng^ have been relatively minor with Tcsp«?t to the stmctnic of the wliole 
earth Since at least die beginning of the PalerMtoic Era. Some geologists he^ 
licv'C that the geographic distribution of continents and occau basins has 
changed importanUy, but most are agreed that, througliout this timCi areas 
appiuximately crjuii^ent to the present continents have always stood Jiighei 
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tLau tlie ocean faix;ms. In any considcntion of the stiuctm£ of the earth, at- 
tcntioi) mnst be directed to features at two Icv'els: (t) the major fcatiuies— 
the great continental and oceanic blocks—^and (2) ihe mmor features that 
cbaiactenzc purtions of these blocks. 


CONTtNENTS AND OCEAN BASINS 

'The earth’s soifacc, both land atjfl submarine, has an eittcmc relief of 
more than twelve miles. AUhotigh lids is very great by human standartK it 
amounts to only 0.15 percent of the earth's diameter. The mean topo¬ 
graphic etevatioii cfF the earth's Surface is about 1,5 miles below sea levd. 
There are, however, hvo preferred levels, an upper one whose average eleva' 
tion is ahrnit 0.5 miles above sea level and a lower one at an average elev'a- 
tinu of about 2,5 miles belnw. Altogether the earth's surface is apportioned 
tnpcigiaphically about as follows {sec Figure 7S}: 


Upper levtl 
(ntniiDcdiale 
Ijfiwcr level 
Lffvi«r 



BgtjrQ 71- G»n4 paJiud ihow^ 

ing riiq rsEattfD areal of Iht 

litHosplMre urhice qf di|Tvriefi!l 
Ifent obow And as krml. 


10%1 

20% / CkfiEtwntal are.! 

55% 1 Occ&ok! flzea 

i%l 

Tire average ihrtc-mife (Jiffereiitial 
between the elevations of the con¬ 
tinental and oceanic regions is very 
striking. H is one of the reasons lead¬ 
ing to the theeny that the outer part of 
the earth is ciimposed of at least two 
laycD differing In chemical cemposi' 
tirm and relative density. The upper 
layer is believed to consist of materiil 
of acid or granitic composiMoit and 
specific density of about 2.7. 'Ibis tna- 
terial is temtcd sail, a coiitiaction of 
silica and alumina, 'Hie lower layer » 
believed trt consist of mnterhd of basic 
or basaltic ctunposilion and specific 
density of abcnit 3,0, It js designated 
d ruTitractioji ol siljcd ajiij 
nesia. Ideas regarding Urc mutual rela¬ 
tions of tliese two layers, m a larger 
number, vary considciahly, but in gen¬ 
eral the Itgbfcr staJ layer b visualtred as 
floating on a lower denser one. 'the sial 
layer is bdieved bo be thick beneatb 
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l!ic CPntments but tbin or absent T>cncatb ftc rxean bastm and fur tiiis lea- 
thi' cuntinents alaod higher^ as shown in Figure 79. Tlih floatnig halunce 
of blocks of thickness and density is tcrnii^ equHibnum. 

'ITie iheorj’ of isostasy appears Id be confirmed hy measiiTmients of 
restrmlgiavjty, lliese reveal differences that in genera I show mtematic rela- 
tioas to ele^ abon if loc^l in equalities of topography arc ignored. Attmeti on 
xnries ini-erseiy as iJie square of the distance so that gravity measurenieiits art 
ijiiliienced tiiucIi ntorc by iiear-suriace mass tha n by deeper material. TUcre- 


CONTINENT SH^LF OCFAN 



SdhBdtotk d.sDgiTi}Tt OEustraling fluB conimafT COHiLDpt flf flis 

compouilari and qiu%s- itruclLrlB of tKo Barlh'"i crint a I l\m mar^tn ol a 
connViBnt WiN^n* 195a, Th^ o p. T4S, fi®. 2^ by pBnnnvaii of 

fhft ynJvBrtJri^ of Chfea^o Pmt oBd G. P. fCufperJ 

fore^ gravitational attraction should be less over a thick bycr of sial than over 
2 thinner one. Calculatioiis based On many gravih' nieasniernenta indicate 
that the leiricl of bostatic compensation, perhaps the contact betw^een tlie 
sial and sima layers^ occurs at a depth of not more than aboLit twenh-five or 
thitt>' miles beneath the continents. 

l>uycfing of flic outer portion of the earth is ^uhistantiated by lekiutc Tee- 
ords. These show* that the speed ot cartliquakc weaves is difleren! it diffenmi 
depths (see Figure flO;. The sharpness of tnuisjliDns indicates at least one 
more OT less abrupt disconfinnity> ?it a depth of twenty to twcnt}--five miles 
bdow the contments, that nsc^ beneath the ocean ha^^ius showTi in Fig¬ 
ure 81. The speed of waves vanes iuvicfsely w^ifh density of rock and tempera¬ 
ture ami direclJy willi pressure, but ai the depth of this distoiiHiiuity tliese 
all lifive unknown values. If an assiimptfon is made with ^^»pect to onc^ how- 
ever, limits are upon the utherr and^ amoug the V7itkni*s possjhk comhiiia- 
tions, one Euay appear most piobabie. Thua conditions bdoiv the ducot}' 
tjniiity seem tt> be niet most satisfactuTfly if the nKk there is dunitc, which is 
mainly composed of olivine and is more basic than bas^U. Rocks at much 
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^VE. 1 , &HEMAD 4 H 04 AGO ATLANTIC 

SWELL TROUGH Ai^TILLZS TflOU^H RiDSE OCEaM 



ptgure 0D, Ge^iefcHiEed lection ol fh* north"! cr\^s^ In The Caribbean oi Indi- 

CQlsd by leJunk obi^rvoliam. Figjurei show tfie velochtlej. <if compn^llonol wov^s in 
hltointrtts (rflf tfecond. Sp«td! of about 6.U ore to fdbfitdy rockv atid 

ifdwfrr wo^iif dm *h<}x thal pass through iadJmepit* Ifi Vofinui iNag^j. of irotTTpOCtlori, 
iasofr Iransmits wwfn ol about fi.5 kliometfln por wcoird and speedi nf ntwur @.Q 
dioraetorizff ultrobask rdcira haSow iha Mohorovlck dlwOinlimjtfjf, (After Iwing arid other!, 
1?57* BuiL Gedf Soc. Aaiar.. rat, p. fig. 6^3 The Lessef conitrtule Q 

voloink <aJand arc. fiorboda! occ^ple! a pAtittOn correipondTng To Ofl oyt&l tj^ctuxivoly 
«ediai€ntar/ ore. 


CA^E MAFTf ATlAHTiC OCEAN 



Figure SI. InTerprotutioo of o wtimk leicrion of lh« COrfrinenrof border and adjchcerrt 
Allamk: Ocfoin bed at Cope May, New ieney. The sohbaiaiaenT ledicaTad Ip ihe tefi 
beoBtith lha nantLnenral margEn CK^n above tho Mohorovkic d^kCOtrlniyity. Contpore 
with Figure 79 . (After Betitley qnd Worielp \9S6, Bu^^. GeoL Sor^ vol. 67. p. 16 , 

f»g< 


shallower depth, immediately bcnciitli lUc cover of oveilying itetikncntSy liavc 
the pTupcrtios and pnahablj the composUtort i>f gnmilii' Waves that pass 
thr<iiigh an inttitmedbte //jne, Jimvcvei. are vt:zy imccrtiinly interpreted. 
Tl\cy hidkatt^ the possiliilit) lliut this mtie niav be occupied by kisalt. f or 
tills reason, therefore, dn: contact between ml and siim may be transitional 
and it gentrnilly is helicitd In occur some distance above the evident dk- 
contimiitj. 

A thin layer of sial may oi may not occur in the Atliitilicarid Indian Ote^m 
blocks. 'Hie t^acific. whose main part averages about [(WO fed doqjei than 
tiic other oceans, seems to kck this lava. L^va erupted fruin the coittal 
Fadfic vnlcanoes is tiu^bly basic, aiitl this r^Iqu differ fmm all otlier 
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parti of tile world, w heft ha tie aie Eiidy to be d^^socii|ted y^ith more 

acidic fjpes. 

\'ariQiis theories Jiavc l)€Cn offered to account for the dificrenccs 
coiituicnt^ and ocoln basiiU and their diih-jbiitinrK Tlicv range from those 
tliut emphasise original magmatic iHigrcgahon in g moltm. faith to those 
tJiut call iipiiJi d^iiktoii of the moon finiii the Pacific Ocean baski or die ex¬ 
tensive displacefnerit of flciating continents. Many of these thearies have 
clementB iJu!: are interesting ;ind attractiven hut ^erionx objectioiu c-an lit 
raised to each of them, .Ml of the theories arc so highk' speculative that the) 
need no consideration here. Perhaps probtems are involved that can never 
be solved to the satisfaction of m«)st scientists. 

Oevtfu Stfsircs 

Tlic CKican baiiiji? occupy about Kvo-thirds of the surface area of die eatlh. 
They have been esploied extensively in tecenf yii^tr^ by sonic sounding and ;i 
wealth of in forma tion has been galliercd concerning the topography of some 
parts af the ocean bottom. l'iic$c v a.tt itgicms* formerly thought to chai- 
acterized hy generaJ fealute!c$i^ regularity* have been found to resemble 
emergent poitions of tJie earth in many important respects. Hiere are monn- 
Laln ranges, pltitcaiis^ volcanic Cones, and faoJt scarps ivliosc duplicates arc 
visible on tjic Imid. Submarine topography, however, geiimllv kets one de¬ 
ment fhnt pervades most landscapes, eiidencc of much cmsiim. Some ctO’ 
sion has occuTred^ Jis shown by submarine cauyoiis cut in \hc edge of the coa- 
tineiital shdf and by the truncation of juhniergcd seamounts^ but certainh' 
eiQSiciii has not been \vjde?|jread. Much snbiiiarinc topography lia.s been 
modified, however, by the dcposrtioii of a considerable thickness of fine¬ 
grained stdiment 

A vm' rough idea uf the average thiekncs.4 of sediment depusited in the 
deep sea can be obtained. Ciimparivt?n of the estimated pmpottioci^ of shiiicj 
sandstone, and tinie^lone produced by the wirathiTiiig of avmgc igneous 
ruck and the estimated propertioui pnsaent in aedimcutaiy fomiAtions on the 
continents 1 see Table 9) &l Urn'S a loss from tlie land of alKint 6tl percent if 
all limestone is assumed to have lenianied on die continental blocb rs£c 
Figure H2j. Somr lime, liowever, was ccitaiiily lost to die deep sei ami 
foi simple CdkuLitJoii this figure may be raised to 66^1: percent, As the ocean 
basins luvcahcjul iivicc the area uf the continenh* tha, average tiiickntss of 
sediment in the^iCi iy thus nearly the same the arxragc on the land. The 
Utter lias heesi estimated at 1.4 miles or appmsimately 7y\)Q feet. Of course 
this sediment has not beai distnhuted csenly over the dcq>sea fxJttom; it cs 
much thicker m sonic areas than m others, ,\]moat cveti where, bow-ever, 
s<xiiincnt probably 1 ^ liiiek eiiougb to obscure sunic of Uie detaih nf deep-sei 
topcjgmpUy. 

1 be gc<ilogy of the oceanic blocks never am be known in ax great detail as 
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tliiitQf the Ijind. Probably fliese blocks <!o no( differ materially from tbe cod- 
tinents in tbeir main structural feature. Ibe tiarisfer of large vnlimiei of 
seditneiit from higher submerged areas to lower depositiouaJ Uasjiis, howtver, 
has ool ocenned lieneatii the jea. Therefore, tectonk activity related to flic 
isostaiic reacljnstnient of unloaded and loaded areas jrrobably has been rda- 
tivcls' uniinpOTtant iu the structural development of the oceanic blocks. Al¬ 
most ttatainly the cotiJments have been more mobile. 

Mostsuhnlarinciliatignphy pobabiy is exceedingly moimtouDus. Deposi¬ 
tion has been continuniis and in most aieas recent icdituetili blanket the 
surface and hide all older strata. There ate no tmetmfonuitics coiuiisiiahle to 
those which intcmipt exposed strata on the land, and lateral serration in 
both lithologic character and thickness ptnbahly is very gradual. Fossils are 
isic except for the remains of pkgre mganisms. Inclination of strata con- 
fomis to a inoTT or lea inegiilai surface of depositiou and does not provide 
us reliable a leeoid of structural warping as it does upon die land. Probably 
the mii)' impoTtATit stratigraphic imegnlaritics are rdatc-d to mud flows and 
turbidity currents, displacement along faults, and suburatiiic hiva Bows, 



FROM AVERAGE CONTINENTAL SEDIMENTARY ROCKS 

IGNEOUS ROCKS SEDIMENTARY ROCKS RECALCULATED 


R9Vr« 93. Di^gfOin Oiowing intuvotas ot A. thv prgpaMioni of Are* pUncipol 
bndt at teffliminlorr roeb produced far *l» wooHrurjng of ovumg* ignoobl rdck, B, Hi* 
prapofifoni of th« i«dit|i«fl!lirv rvdu CKCuniug on Ihis continent. OAd C, iho (>n>poriltOM 
of thel* and idnditon* lou fram fh« continonti by iHe trafiMwnorion and depautinn ol 
udubonU in rb* ilocp m. 
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Studies of deqysea cons Foxal wmt dctailis of submarine stratigraphy. 
Uacomolidated sediments have been recovered dating baci to late TeiUai)^ 
time as by tlieir contained fumminifera and mdioactive natuie. These 

Eores are of principal iutciest because they record temperature fiudo+iKoiis 
and dates tliat can be cDitelated the Pleistocene glactiiJ q^cles {sec Fig¬ 
ure 2n, p. >?] J. iemperaturE are calculated froin osEygen isotojK talim 
and dates from carbon Idtietemiinations^ radium conteor^ ainj relativ'C thick¬ 
nesses of scflimeubiry byets. 

Much of the subject matter treated in testbooks on submLinne geology 
conccnis sulmierged portions of the contmaital blocks and ii not properly 
attributable to the geology of the Ime oceanic regions, 

Jie?nlions of Confrmmt^" emd Ocenn 

ATI gcoiogish TTOLignize that the modern cotiliiiciiti are stibmerged aboEit 
their margins ajid that in the past much greater snbmergents: has been coni' 
mon. Ceoetally the continents are considered to terminate at tlie outer 
edge nf tlte continental shelf, llus is a submerged^ gentiv inclined toracc 
ending at timst places at a depth of from 400 to fiOO feet, v^licre a steeper 
continoitBl sinpe begiru and carries the sea bottom down to abyssal depths. 
Tire origiD and significance of the continental ihelf are nfrt certainly under¬ 
stood. It must be related to sea level as this has been maintained during fairly 
recent geologic time. Some geologists consider the shell io be a pbric nf 
marine erosion that has been moderately warped. Hard rocks mclLtiling gran¬ 
ite constitute its stir face at a number of places. On the other tiaiid. e!ricnshi'e 
parts uloitg some coasts are great wedges of iinconsuiidated tmiteriaj that 
thicken seaward and the shdf also has been Jntcipicted os a tleposlLiomd ter¬ 
race. Large areas, particularly near the outer edge^ IiQw^cvcTf do not appear 
to be receiving sediment at the present time. 

The ciantinental slope has an average mdimition of 2 to 4 degrees but in 



ft3 ^ iJr«tur^ nf ths cfintinenttil iruxr^iff ql 

Cepe Hflnrv, VtfgSniq, baaad upCfl th* recofdi oF de^p welii oi>d O wbmk 
frorv^erwi vfrllcial iccile <Bxd!QgcifqlDd ^5 HAFiar Ew'mig gnij ollmn, 

1937, iuft. Gml Soc. Am&r^ noL 48, p. ?9Q, fifi. 33.3 
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ceitain places it is much steeper. Tf has been considered by some geologists to 
be the scairp of a system of great faiil h separating the contmentiil aiitl oc'eanic 
bkeks. Others bdievT that tliKe hldcks^ are not offsei by lauJU but arc con¬ 
ned cd by gicat floniTci. Deep wells and seismic invesUgatirms earned from 
the coastal plain to beyoud Lhe edge of the coDthteuml sheff along the easl- 
ern toast of xVorth xAmtiica show that cmlattine baficmtnt ttkIcs descend ont 
ward at a rale of lOU feet or niore per mile; as sluA'.n m Fiattres 85 anif S4. 
Much of this basement surface lias been interpreted as a peneplinc. It is 
overtam by serni-eotisoliclated and iincoiriolidated sediments whose litliO' 
logic ebaractcTS. ftassils, a^nd coal \Kth prove that they arc sliallon-™tet de¬ 
posits. This surface has Ijctn downivaiped into a tnmgh learhiiig a depth of 
ITitiOO feel. Outside of lhe continental shelf and under tile contincnfal Elope 
the baaenicnt surface rises to within ^OOO feel of the present i^exlimcntarv sur¬ 
face and then phinges downward into a second trough confining lOlMH) 
feet ot sediinenl |see Figure . Somenbat similar rebtions are belies td to 

occur in otJier parb of the world, 

SoulL of Cape IJattcrRS in Noith 
Caiobiia and erfcndiiig tr> lhe Baluima 
islandsp llie Bfake Plateau appears to 
be teliiicd Tn the North Ainencan con- 
tinenhd bSock^ Vhh submaiiiie plateau 
is more than 1^0 miles w^ide, Ili surfcice 
lies at deptlis of frcmi ZOCK} \o ^CHTfl feet 
beluW' sea level. It is baundc^J on one 
silk- by an abrupt rise leading to the 
ctintinenliil ihclf and on flie other by a 
steep descent w hieh may be a fault scarp 
ending at a depth of lllfKKI or more 
feet. The Culf Stream flows across this 
surface and appears to have prevented 
the lodgment of mudi scdiuient upon it 
since at least tuid-Tcrtiary tinic, 

T\\c PaclSc fairdcr of Ninth Amcnca 
is muds iMcfeut frtjm the Atbnfic. 
lln* continental didf is le® wtR de 
veioped and, tnen where clearly rccog- 
ru^cd, IS genenifly very nanow. Deep wa 
ter occurs close to the west coasts of 
both North and South ArncTica at many 
places. Off llir southern CalJfomfa 
coavt, bejQtid a naimw contiiicntiil 
dicIT a zoEJc of basbiv and ridges ca¬ 
lends fiu 1^(1 ending at a shp[Jt 



Rguie 04. ihcrwmg tlDpe gf 

c;ryiJa!lln« bawmcnt Root b«n€alh iHb 
Attanfk: coniloll ploin cn inlsrprsEBd 
from w«ll rscarcb rtitmic obsoTra- 
liDcti. lAflpr EoidliTY. I95b 
9»4logy af Niirfh p, 132^ 
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ATLAHtlt OCiAN 


HALFFAX 


FigiffB 03. GEoPcigic [rtle/pfeti^liGn of o ifipivrik faction of the AtSonHc OcOorr b*d oflf- 
shcKE [fajK Halifoijs^ NoifO ScoHd. Thr itructutt of thr boMftienI %urfciec ii*fB li generally 
aim I lot Fo ihof d Sturm ir»ed forthor acuth dfF the coast of the United SlaJns- lAtfei Officer 
ond Ewing, 195J, Buif. Goaf. Sac. Ajner.^ vaf. 65. p. 659, fig. 2,F 


fhnt dcstcTids steeply below depths oi From 4000 Cd 5000 ieet /see Figute 
66 1 - TlkC rt>p}gT:ipliy c]f this zone suggests that the geology^, and pjrticLtlarty 
the shructUTC, is *dmiiaT tu tliat of the adjacent mainland. I here ^eein tu he 
gtiod reairnis io contludc tli^t tiic zone is a down faidted and snbiuerged 
part of JJie coiitmeiiLii biock. 

The western PacJfit tegidfi is ohiinictCTized by festoons uf volcanic islands 



iFig^ra 86. Map a\ the PacifiiE Ocean boltarn etA the Eoast af KU’^hern' Califomkr 
shawing majar topagraphic fvEiluritl apd Ilia lacaHarti qI pmirmsd iRiporteni fau-ln. 
i^Aftihr Shepard and Emery, T9Af. Goat Soc. Arnttfr, Sip<iC. Paper 3^1, P- 4?, 0gr VB and 
pIl T and 2J 
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thing Lqui ciming submarine several ul which ait paralided on the 

outside by deep narrow submarine trtJiches (see Figure 87). These iilaiid 
axes :txe con vet towaid the Pacific. They are separated from each other and 
from rhe A^iarie maiulaxid by has ms of varioiis depths. The pnncipal unes, 
such ai ihe Stjutli Cluna Sea. Sea of Japan, and Sea of Okhotsk, descend to 
mure Hian 113,000 fcch but there also is much very shallow u^ater, particularly 
in the VeUow Sea^ along tbc China coast, and iq the region cstending fruui 
Indo-Chiita and Alala^a thTOiigli Indonesia to Australia. Sonic of these shah 
low sea boltonis midoubredlv arc parts of ttie cDiitinental block. The aub- 
Enanne topogiaphy between Borneo arid adjacent islands h belie\^ed to show 
a system of river valleys that drained the area when it emergent m the 
fairiy recent past. Some of the deeper basin:^ also may be portions of the con¬ 
tinent that have been dmvjiwarped hut not fiJIud mth sediment. 

Tlie of the wtrstetn Pacific are duplicate on a smalltT ftcale in the 

Caribbean rnginn of the \V't^lem Hemispheie. Here a volcaiuc isLind arc^ 
particulaily well developed in the Lesser Antille^p cur^^es from tioTtheastem 
Veneziieb to jamaka. Brandi mg from it is a non volcanic arc extending frt^m 
ITaiLi LliEougli Cuba to the Yucatan penimula of Mexico. The Caribbean 
Sea is a dcqs basin compaTablc to those of the western Pacific, The Gulf of 
Mexico is aiiDtJier deep basin hnd it lies Enistsidc the island arc. It?= general 
region is bordered on the nortltwcst, how'^'er^ by the andeut OuachiLii-.Mar' 
■tthon mogenic bclL This is largely buried beneatli post-Paleozoic sedimciiis 
but may otic rime Itave been an inland arc. 

Many imporhml eartJiqitake^ have their origiiis along or near the island 
arc3» wiiich imdoubtcJly arc iones of strucitmil instability. Those islands tliat 
are not exctusb^ly of volcanSc or reef origin are gec^logically eomples. Tliett 
sliata ate much disturbed and diey give evidence of considerable lelarivdy 
tccad cJevratioii. Deep-ff>cus earthquakes tliat appear to be rdated to these 
^tie$ arc displaced inward from the arcs and suggest the emtence ol ^hcir 
pbntM dipping backward from the arc^s beiifiith die edge of the rontinenb 

From the scanty evidence uvailable; it does not seem pnssihk to Inc^itc the 
structural contacts of the ccjutiiients and ocean basins with great accuracy. 
Perhaps Ihesc coiuacts arc not pertuaneiiL The structures recognised in dif¬ 
ferent regions make it seem uiitikely that all continental margins aie similar. 
Tlitec types appear to be distinguishable: (1) fTcxuie margins as along the 
Atlantic coast of the United States north uf Cape liatteras, {2 } dnwmfaullcd 
maigins as along the Pacific coast of Califoniia^ and (1) uplhni^t margins 
as along at least some of the island :itcs. Consideration of lhe$c types sug¬ 
gests that marginal portions of the continents may be lost by downfolding 
and down faulting and sinking perhaps fKirmanuntly beneatfi the sea. On 
the other hand, additions to the contincids might be made by the elevation 
of parts ot the ocean basins. Ttic^c processes are spccuktive m the extreme, 
but both of them tnive been called upon to cxpbui certaui features of g<a> 
synclinal dev'dopmciit. 




Ryur^ E7* Moq qf thft mafOr lOpD^ttiplilc ond itr^crufol F^iwrn dI rfvq wMr«tn 
f^lfrc Otvtin. I After Dlttz^ 7^54, idl. £d«. ifaL p, 1231* Aff, 5^ and 

H(-^, 1^40, J^FJdl., Wit, 59, p. 41^^ pi U 
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If such alteration of the continental margins has occiirrefh it is necessary 
to conclude Ural either 1 1 ] deep-seated lateral tninsfci of arataraL in. the sial 
and lima la\cii must tsiicn place to pemiJi suhsidence or iqilift nr 
a deep-seated phase change inADUing important volume and density al¬ 
teration is indicated. Thnce types of phase change that might accomplish 
these results have been suggested: 1 11 alternate mettiiig and cn'stailiziiig, 
iiivotvmg differentia! volume relatious of about Itl percent, (2) a1 teniatc 
hydration and dehydration os in the alterahcm of olivine.lo setiientinc ami 
vice VCTSir involving diHetential siolimic relations of ahciut 35 percent, and 
I ?} odicr mineralogk alterations that do not requite any dlunge in chemiml 
ooniposilioiv ptolrably involving dUferentjal volttmc relations of almiit 10 
peaenL .Ml of these changes are considered to Ix: reversible depend nig upon 
tempera tuTt and pressure relations* 

CONTINENTS 

Sediuientarr rocks of the emergent portions of the continents evhibit an 
estieme range in structure varj'ing from undhlirrbed horkanta! strata in 
some areas to btensely defimned and mctiimorphosed racks m others. 'STicxe 
is equal contrast lietween areas possessing thick and eomparatiixly complete 
stratigraphic sections, representing the deposition of sediments for tnanv 
millions of yeaEs.atid others where, for equally long intervals o[ tiiiie. there 
was little or nDseduiieiitary acciimubtiou. Scnicwdiat sinirhuHv certain areas, 
commonly with thkk stratigraphic sections, have Irad long hivtafies of suh- 
sidentc, whereas otiietshave had er|ii3lly long hivturies uf iqdift .uid erosion. 
.Mtliougb all gradations in complexity of slrncturt, degree of subsidence or 
elevation, and slratigraphic section can be found, these features serve to sub¬ 
divide the continents mto regions of two different geiimt tvpes. Tliese ate 
f 1 j geosynclines and attendant upland areas, which together comtitulc the 
niobile regions, and f2) the mam contiiiciital pbtfomis or relativck more 
stable regions. 

Eacli rock strntnDJ asit cstiili today preseivw n recotd of all tectonic action 
in its area since the time il was fonrlrti, It docs not, however, indicate any 
earlier event. Because the rocks ptoent ;it the surface of the earth vary grejitly 
in igc ftoni pbci tn place, their hhtnrics go hack to different points in geti- 
logic time. Young rticfe have witnosed few tectonic cftaiigcs. 'llicy are com- 
parativdy easy to interpiet hut they give evidence otiK of letciit hiippcw- 
ings. tjid rocks may have been affected by so many tectonic qiisodcs tlut 
their histories ate practically indec ipliera!)! e. 

'rectonic action has Iwx'n neither constant in iiitensity tiiir iiiicJmngiiig in 
its patten! Certaiu Ltendv ijf adioii liuive pcixistcd in cctlain areas for more 
Or less long intervals of time iitid then haV'c changed itnpcirtantly or have 
Ikxii reversed. Older patterns cannot tie detemiined if older rocks do not 
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occur or if they m buried hcDicuth younger rocks and are not tnowii. Alanv 
Prccambrkn itjcki alrejdj were so disturbed and altered before the begin¬ 
ning of the Paleozoic Era that any’ later clianges afiectmg Uicm catinut be 
recognized. 

Tire difFercnteition of tectonic regions depejids upon the ages of lire rocks 
tljat can be studied and tbeii ctindtHon. Tlius a Paleozoic gcosynttine can 
be traced Ui the Appalachian r^iori where little stihsequent dLstuiljance has 
occurred and iiu MumgcrnKzfcs hide the old fotmations. A similar aeossTtchuc 
adjacent hi the Gulf coast is very imperfectly bmwn because ft is buried 
tieeply tieluw' ihc siirfscc. A Paleozoic gcosynclinc somewlicre near the Pa¬ 
cific coast LS obscure because conditions there liave been great!v altered and 
complicated bv several more receni strong tectonic episodes. Almost noth¬ 
ing is known about proPaleozoic tectonics acept where Pircambrian 
rocks are uow oposed. 

All geologic siiiiclures that occur today developed more or less giadiially 
durii^ longer or shorter intervals of time. Some sequences of tectonic epi¬ 
sode* have run their cttirrse and were completed long ago, Ollieis rare still in 
progres. The tectonic map of a rimdcm conhnent is restricted to showing 
^tnictnres dating vanably back into the geologic past. It doet not rcpTC^^!lJl 
conations or happetun^ of Uic more distant pasi or indicate what is hap¬ 
pening at present, 

Geosynclinos 

Tlic name geojfyndme w-as oogiiwITy intioduccd For a farp; dongnted arci 
that vlsubsided more or less contimiously for a very lung petind of time 
and |2) was filled with sedisncnls almost as fust as it subsided to that a 
thick succession of sediinentary' rocks accuiiiuJatcd. Must geosynrlines Jiavt 
l>eeii L'onipresscd and folded into mountains. Tlte .\ppalac:hiati Motintain 
region, with a itmtigrapliu; tottirm lO.OOft to 411,(XW feet thick is the typical 
gcosyndine, All geologists iccugnircgetHyiidiiiei but tbcic is imu h disagree¬ 
ment over thedcfiujtioit of the term and the origin and development of what 
it stands for. 

Tlic woed gffisyndme has been (I i used for an area. iZl defined as a 
stnictuie. or I 3i identified by tlic strata present in a region. U lias berm ap¬ 
plied to a great variety' of syiidinal rituarioiis. To some geoio^isti it obd- 
oiisly has meant little mote tliau a large syncliiie generally filled with sedi 
ntott.'Hie sh.Tpe, the kind iif sediment filling, and tire possible subsequent 
dcfnmtatinn of a gecHytidiiiC Iwvf been consttiered nniiiiportant by some 
persons. The variety of stmchmil and stnitigrapluc concepts ideiiti6i!d bv 
this name has been most confusing. From time to lime attempts liavc Tjren 
made to chi rtf v fbe situation by classifvitig so-called geosvnclines, and new 
names have been cumed to designate differenl types. Djstinctiait generally 
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hos been on (1) shape, (2) Ic3catioiif (3) stfuclnml ttlatbnip {^) kind 
of sediniefll, and (5) souiDe of sednncDt. None of these ck^sificatiDtis has 
won geneial apprcw^l and none appears to be prticularly useful, 

G^osyncliml Characteristics 

Tlic concept oi geosynelines has become confused and the namenda- 
htrt applied to diem is lo cumheriotne that reaction has set in. Compaii^m 
of so-tailtd gco$ynclin(S that thrir difftrenm probably outweigh iheii 
simikiitics, A gimiug tendenq^ is ciidcnt tn tthtE to the ongma] concept 
or something close to it, 'ITie noncommittaj term ba^in is a^'^aibble for syn- 
chual siluatioTis that do not warrant recognition as gt^jsyn dines. 

Ouc uf die best w'aj's to assKs ihe gcosynclmai concept is to retisamine the 
Appalachian Mi^iuntam hdi and attempt io distiugiiisli its more LhamcteiiS' 
tic and significant fcaturo. Then b>’ eompamou with similar legions of the 
world, those features that they Imve in coiumoii can be rccogiiiacd and per¬ 
haps a mcire generally useful dchnitiijn on be framed. The Appabdtlan 
geosynchne has the folbiwing churaeteristics: 

1. Ii IS long and TcJatrvdy nairow. Its known length is more (lian 200D 
miles and it extends without interruption from Newfoundland to Abbama- 
_Al onr end it plnngcs beneath the sea and at thr other its contuiuatiou is 
concealed by younger rocks. Ite origjnal width cannof be determined accu¬ 
rately becaiTsc of btenr! touiprcssioti, ovxTthnisting, mctamoiplmm^ and un¬ 
certainty concerning boundaries. The present folded irnmnLaiji belt snuth nf 
New York is al>ont lOO miles wide at most places The entire ge^wynclinc* 
depending upon hmv it h deEneiJ* of course, moy have been 3f]0 or more 
mfles w’ldc in some p^^rts although at pthtrs it may have been much narrower, 

2 It closely adjotrLS and parallels the present eastern coast of North 
America. 

3. It had a very long history possibly iicginning in the btc Precamhrian. 
Sediments accmmiluted tn it tiirougltout most of the Paleuiiioic Eni. 

4. Tlic stratigraplik ^ectiDti is eitfemciy thick. An accurate estimate nf 
maximtim and minimum thicknesses os not possible because ol [JOst-Pakozoic 
erosion and the fact that rates of deposition ^□ried greatly from place to 
place and from time to time. All parts of the stratigiapluc section, however, 
appear to be much tliictcr and less Jiitcrmptcd by uiK-onfomiitics tliaii egr- 
responding strata present in the interior of thccQntmcnt. 

>, Many ktndi of sedimenUry rockt occur in iL Detrital scdiinmb pte- 
dominatt, partkuUrly along the southestslem side of the mountain belt. 
Craywackr is oiic of the most chBracteristtc typo where the sedimaits are 
diickot. Moat of tlie sediments ^^■ere dqxEitcd tn a sholbw marine mviion’^ 
tnent, 

6. Detrital sedimait was derived mainly imm the southeast as diown bv 
coarsening and other Jitboiogit changes tn that direction. Coarse svalerial 
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eluding conglonierat&s unwcatliered nuner^K evidence of rapid depositiou, 
and qiLintit} of sediment a1! indicate fht existence of land from tmie 
to time and from place to pbee, was pioliably bight certainly inbject to mpid 
tfosion, and possibly extensive in area. 

7. Vok'anisrn occorietl paiticolarlv in the northeastern part at \urioxjs 
times. Both intrusive and extrusive igneous rocks arc present ranging from 
bask to acidic, Metalicntonite beds are widespread in the Ordovician. 

8. .\fter long subsidence and sediineutaiy' acetnnuJatJon^ the geosyncline 
was fbldetk uplifted, and deeply eroded. It Las since become a stable region. 
Structural disturbances notewortLy in Llie Lite Ordovician^ during the 
DevtMiian Period, and near the end of the Paleozoic Era. 

9. lire strata were much compressed^ thtown into bige folds, and over- 
thrmt in a pattcJTi consisting of long* gently cnr>mg arcs that aie con sex to- 
tt-ard the iiorlhwncst. Thrusting forces seem to have come from the southeast 

10. Iiiimediatdy to the southeast of Uic present mountaiji belt from New 
York sotilhwcstwTird h the Piedmont Plateau, ccuisistoig of ctys til line meta^ 
nioiphic and pi utonic rocks rcscmbliitg the Ptccambriao. Tlieic rocks have 
been pcneplaned. and thdr smhice dips beneath the co^al plain and cun- 
tmues out under the Atlantic Ocean. 

A definite rebtiofiship seems to exist between a thick sncces^on of sedi¬ 
mentary locks and folding. Both are outstanding features of the Appalachian 
region and comparison can be made with other folded mountam sy'srems, 
TIic following simiUritics and differences appear: 

1. Except for rhe western cordillera of North and South Amertca few 
maun tain sj^enu are as long or as stmight as tJie Appakekians. 1 he |>est ex¬ 
amples m the Easton HemUpbere are tire Urals and to a less extent tlie Hi- 
nialayaSi 

L Outside of the Western 1 Icamsphere, folded mountains do not so gen¬ 
era Jly pamJlel modem coastlines. 

3, A thick stratigraphic section seems to be more important thjin a long 
dcposiKonal hi^lory. A sectinn which is much ihickei than those in rieigb- 
boring areas alM> seems to he dismidcristitx 

+. Other areas have liad depo^ittonal hiistories as long ai the Appaladh 
ian but not all of than have been compaiahly deformed. 

5. Sediments of some folded mountains art less coarsely detrital* and 
some of them are mierpretcd as having accumiibted in deeper water than in 
the AppoLiclmii region, 

6. Volcitnism lias not been important iu all folded motintaiuregions. 

7. Most detribil sediment came from one direction, lire source gesieially 
appears to hiive beco ou the concave side of the mountain arcs if these occur. 

8. The degree and type of folding and overtlmistmg vaiy considerably. 

9. A region similar to the Piedmemt is no! mv-aruibly pnatnL 

10. 'Fhe general sequence of cvents^uhsidence sand lliick sedimentary 
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accumuLitioii^ folding, uplift, deep eioiion, 2 nd af tamm ent of reLitive stabil¬ 
ity—^eeiii5 to be diiitiicteii^tici. 

Sev eral of possible gcosj^nclines may be expected to differ more ct 

less niipnrbintly. For Cimmplc, an old geosyncline that has passed throii^b all 
stages of dcvclopmcnE and a voiinger one that has iioL certamly will exhibit 
diRerent ^trnctunl cftaiacters. Petbaps a legioji lifcf the Anioricati Ctilf 
coast, where sediment is now aceuniulating may not be certainly identifiabk 
as a geosyndme. Aho iJie hpc of defrsmiatian in ;t geosyndinc vmuid be in¬ 
fluenced strongly if not detCTTniiiC'd by the cnnstitiition cif its stratigtapbic 
section. TTitis it has been suggested that, if thick competent lower stiahi yre 
present, folding will predominate, but, if the lower strata are weak, over- 
thnii'ting ismore likely to de\'elQp. Finallyv the depth of erosion is important 
because the rocks and structures encountcicd at cUBcrent labels may be ex¬ 
pected to ?iiow many dissinulari ties. 

Jn consideration (rf the foregoing, the original concept of gcosyrrdmes 
seems to require supplementing in only a few respects: (1 j< Pctrital sedi- 
tnenh were demed liiTgdy from one direcTion. f2j Gwsynclmal develop¬ 
ment was concluded by strong stnictural defonnatiQU and uplift. 11) over- 
tlirust faulting may be as important as or cTen more importanL thnn folding. 
And 141 the compnmivt force serms to have acted trt>m the same side that 
produced the sediment. The last feature, howev'er^ might be a c<5nsei|iience 
of the form of the getjssiicliiial trough. If the ilopt- cm one side were much 
steeper tiiajt <in the other, the folds probably would lean toward the gentle 
side and cnxrfhnisting would occni in that direction. 

Geosyncimal Theories 

Two general thefts arc current that seek to explam the d^'clopment of 
gcosynt’Imes. Tlic older one is the theory of borderlands, and the oHier^ 
wbidi is Tclativclv retciiL is the theory of sEnichjraj arcs.. Each 6nds jfa siip' 
port ill eertii.m facts but each demaiiJi [lie acceptance of certain appaicritly 
tmproljablc suppasitionv. A critical evaluation reveab tliat Ixith are beset by 
scrions difficnitics and certainly neillier is entirely satisfactory'. Scseial [ithcr 
theories have gained much lesi uccqitance. Ttieic can be no denciij|. the 
esistenee of gerws-nclbcv bn!: the problem thei picsent ts so gieat and 
Imow'ledge of the compmition of the earth, and the forces which have slujped 
it. k so iiiipeffect dial, like other grand theories oJ dm earth, a solution meet¬ 
ing all objcctjons is not likely to be foinmlated soon. 

Eord^rrfundb: 

Tlie tbeory of borderktids is almost as old as the concept of gcosynclincs. 
It holds that ihe gcosymcliuc 15 the negative element of a media meal couple 
whose complement was a rising adjocent region fsee Figure SS). TTius the 
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Appalachian geosyiiclmc u $iippo!»cd to lime been pamlleled on the soutii- 
cast by a borderlanii mmtd Appalachia. jVs iLe gc«»}Ticline sauk, the boidet- 
laiid mse. eiocled, aiid pradneed tlie ^diiiient that filled die geiisyTicliiie. 
Because this recipmcal action was in upeiation very early in PalcoTwic tiujc, 
the borderLiri<] rntMthav^ consisted almost cicchisively of Piecambrian tocts. 
Ibt Piedmont Plateau is identified as the deeply eroded western part of Ap 
pitJaehia. 



Figure flBr T«ctoiik mapn of Norrh AmBrlco. ITlbia llluAirais ihe concept geo- 
■ITidinei ofid bordfirtpridc thst tormvri^ woi rhe common b&Hfif of mait Ami±ftccm 
geoiogitll. In A thw ol dMpos^ dDwnworprng ond ihJckeil ^ddi^vntory occjutnujo^ 

Tion ow indjCDind^ fn black and heaviier iripplmg^ ofteir Scliu^ert^ 1723. BuilJ. 
Ceti/. Sot Amerp^ vol. 2A, p. 317^ fig. i; B nher Snldetp 1733, EorfJl p^ 9{, 

fig. 46, by permiuigfi qf ApplelofKCfinTury-Crofh, Inf.J 


As scdiiiien* iccmtiuLilcil aiid wajped <1avimviiiid iji fhv ^sinking go> 
s\iidi]]e, liiiual prcsoilTC dcvdnpt‘d 3nd the upper sedimentnry layers^ werre 
throv^Ti mio fnlih GciiiHiittcd ctcp^ra^ioT^ of the grasyiidini: and tliH^kenuig 
nediriitiTit ^radkifilljr pn^ducxd q went zone in the eirth's emsL At fast this 
zon<? could no longer withstand pressure lesulijiig ^roni stuiiiling uf the 
eattli. FiiiltiTu occujrtdi the burderLmd was llirusl. a^nst Ihe geosjTiLdine, 
Jiid Oie weak &tiab were tompressed, further folded, and faidted. TIich tiic 
hankrland sank and mudi of it disappeared beneath the w-atcr of the At« 
lantic Ocean. 

DisagTeement Ims marked thti idctihficjition of cause Eind eBect in the de- 
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vdopmcTit of geosyiidmes apcoiding tq this thetWr It Ilm been aigueilT on 
□ne side, that sediincnt^ry lo^dbig resulted in Fnbsidcncic and* on tlic other, 
tlmt staking provided a dqjrcssion where aediinent accmnuhitcd, hi eitlief 
ca^ it i-S obvious that readfustnicnt of underlying material js Tejuired, and 
deq) flowogc of mateiol trom beneath the geosyncline to the borderland 
wTjs pfj^tulated, Tlic requirements of iiostatii:: bilaTKc have been explamed 
in varioiw wa^-s. Evidonlly looding alone ii not a sufficient niecliaiiisiii be¬ 
cause the addition of poroiu scdinieur abov'c, compensated by the outBow- 
ing of solid materia] below or vohmie cliaoge related to a heal and pressure 
gradierit, involves the exchangie of difftrent densities, tf no ether force were 
activTff* the sedimentan’ surface in a geosyncline would giadiialJy rise and^ 
after a brief initial stage* further sedimentaTy accumulation wxiuld be impos^ 
sibk. 

The borderland tlie^nry was widely accqjted by Ameiican geologists prok 
ahiy because the Appakchian Mountains and Piedmont Plateau are such 
promillenI and well known geologic and shucturai features of the coil- 
tineut. it seems to eirplam sncccssfiilly the rektiems of tliis gcosvticiinc to the 
Piedmont helri the soiicccof sediTTumts^ and Appalachian structures. Tlic ap 
plication of the theory to other icgionSr however, requires much more imag- 
inaLjon. It lails to erptain how gcti^ynclinal dL-vdopment begaiv what kqst 
it in operation for long perifKls time, and why it ended, ll faik partkur 
larly to explain the final complete reversal of movement when the geosyn¬ 
cline uras uplifted and the bordcrlnnd sank. It also ignores happenings on 
the outer ^ide of the borderland w^herc presumably an equal qmntitv qt sedi- 
ineut wai dqxrsited. 

All explanation for the origin of geosynclinal deptessions is provided bv a 
thermal hypothesis of an alternately expanding and contracting caitii. Upon 
erpanrion* JJie eaitb's crust failed along a series of ^oncs radiating kmii 
Ihc Pamir .Mniuitains af southw^esteni Asia, which extend to an antipodal dr^ 
ck ringing the Pacific Ocean. Tlie subenut toisaih these zoua was ten- 
simtiilly thinned hy flu wage, the surface was depressed, and gtnsynclinaf 
tiDugiis were tnrtiattxL Subsequent eDnlractioti of iht earth resulted m com¬ 
pression and folding of gcctsynclina] sediments, lliis cytlc w'as repented pro¬ 
ducing different patterns ihiit art apparent in the Ipc^tious of geosyncllnes 
of different ages. 

OrogCTs 

Alpine gcologuLs in Europe generally have not been imp rested the 

bendabnd llieory because the Mpi and their oteusions neither paralkl one 
uf the ma jor ocean coastlines nor arc assoc bted with a arnic comprabk to 
the American PkdmouL Also geologists noticed that mountain ranges can 
be joined into long sinuous belts of deformation. 'I'wq such belts can Iw con- 
stnicted in the Moditerranean region and continu«l well across southern 
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Asiii, as shoM'Q in Figure 89. These are overthmst Dutwardly to the ntnih and 
south tespeertivdy. They have been interpreted as the oppnsite sides of a 
sin gle t struc hnal mne termed an orogen. As it n£w exists, the Med iter- 

lancan orogen Ims a maTimiim width of about ?00 miles but the two sides 
come very close together in northern ItaJy and Swiizefluiid, 



Figure 89« Mnsp of rh« ^edittironAan riegr^pn fonrp aid ajifant oi ths gr&pt 

o* ]n itf hy It<4b4^. Th* Ni^ bcu^idqriei ar^ iuppoicdly EorftmipM^ moim- 
t«i]inaL^i choractcflied by Duirward avviihrijsiing In oppDsiifl dJiBctLoni, Odaptod 
froAT TP23j Suit Geoh 5pCi, voL 34^ p. 233. fig. 

Tlie orogen is considcitd to be a geosynciine that subsided beneath ae- 
eumiitating sediment* When thecartli contracted* iH contents w^ere squeezed 
between the adjacent rigid crustal blocks and ovetthmst onto the forelands 
along its margins in both direct ions. As the mountains itjse, the) formed the 
rims of topogiapiiic basins. The western Mediterranean is erne sudi baJffTip the 
plains 4il lluiigary and nortiicm Yugoslavia mt anotbci. and tlie Black Sea 
and Turkey are 4 (hird. If the orcigai and ib forelands lay beneath the sea, 
maigina! mountains might or might not reach the surface to form is^hTid arcs. 

'Fhis theory may be questioned in many Vfnys. It is seriously deficient in 
not providing a hinterland in the midst of the orogen, which is required as a 
source of the sediments present fn the marginal dcfoimed mounbim belts. 

Mdgmd iBlist^s 

'llie same mountain ranges that have been joined to mark the edges of an 
omgen can be arranged to form clf^ed or nearly closed oval figures mar^n- 
mg the topographic basins already men don ed. The western Mcditcfraneim 
is one of the best examples (see Figure 90). .Another of similar size and form 
is outlined by the West Tndiaii islands and the northern coast of South xAmcr- 
ka. Tlic oiitw'ani folding and tbnistiug of the mountains and the Lnwiird 
OT^iTi of the sediment are ciT>!aine4l by the presence of a great magma blis¬ 
ter tliJit formerly raised tire central regiuit Evenlnal cooling and solidifica¬ 
tion of the magma reduced ib vohimc* caused die ccntml area to subside, 
and produced the present basin fonn. 
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Accimiukted radioactive heat produced Lhe rnagniB blister. Melting in- 
crea.-ietl rock ^ oJuine neaily 10 perreut ajid nised iht cenba! area, Eiosidii 
]xpin and, the tenhal became lighter* isostatie equililmimi \\‘a\ lUs- 



FEgure 9Q. Map til IIib rti^gicn ihi>wpng tha poiittflni □! magmd 

atcardjng to 'mlBrpfghEfu]n& by Rick. Tk« moTgini oF ibe ore mprkod by 

mounTal-noMi belli diproE:lienzad by outward thn/itir-gr Compoie with Fl^urff Q9. \After 
WicK 195 t^ Mi. Q€^K Sec, Amtf^ voL ^ 2 , p. n 98 , pi, 

tiidtcd aut] ftirtlict uplift Folloivcd (ice Figiiirc 91 I. Subcnistal matter 
flowed iinrard fmm beiieatJi iJte iiUT^injjl ^onc and geiisyncliiial sinking 
staitcci. Ai the Mister rose* sedimentary under rhe force ol ^navity* isilid 

down it^ oiitci slopes aritl coiupies^ed newly deposited sediments of the geo- 
s^mcbnc, BjickfauJliiig occurred along the inner edge of die geosyncLkic, 
magma ast:Cfided ihtoiigh dieite fractures, and volcajjoes developed, Tlie 
it retched snrfaCL- over tlie top of the blister was lens ion faulted and lava 
cniptcd in grci^t flows, llic hlivtci cooled, solidified iind ct:mtTacted_ ITjc 
central area, fnim which mnch of the light luifnce mck had been enxlcdL, 
.sank deeply and became a iKiain charactcrhced b) positive gmvih anouialies, 
hostatic adinstmmt caused ictTn^al of deep flowage and the geosyuctine, 
which had been anomalously light vv3!> ele^'atcd. 

niiis Li a tcitiarkaldy iiigenjcius crpbnation tor arcuate geosyndinal nioiin- 
taiiis enclosing centra] depressed ureas- It does iioL Ijowu^tt, seem to fit Lbo 
situation presented by long, ncirh' shniglii langCA like the AppakiLhkni. 
Aiules, and Uial.s, llic Piedmont Plateau is identihcd as the iiintr back' 
faulted j'One wIiltc iiictaukorphnscd geosjTicliiiiil :iediinents and riKks frnm 
the inugnu cckver are iiuiimitdy mtrrmiied and Inive beerj intruded by the 
magma. Dit tnam part i^f tlic old blister should lie beneath the Athntic 
Ocean, iii]d it's other aide ^should be marked by another great mimutaJii 
range. Because it would be submerged, this range should not have I seen wom 
down by cFosian like the Appalaclibns-There is ttoiudi range. 

If a blister formed beneath Hie w:a anil icmained ^itibmvfged* erosioti 
would not ooeisr, Dierefort a dtavowaipcd maT^'ual gcosynclinal trough 
v^^uld not be filled and a deep tieneb might dcvtfnp. This eiplanaticn dn^ 
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not seem to fit Ihe unclosed Pacific isbnd that an: more or less concen¬ 
tric and ail bee outward toward the open sea. Also sliding of the surface lay- 
m off a subrofitged blister probably could not raise an island arc or a great 




Figure 91 . P^agrami Hib drrskpftmrii of o magnts bfritur or»d ad|Qceur 

geot^ndint. In A blither Kai f<?niFcd ai^ lha r«iufl of Q'CC'uniubling rsd^oDclivs KnI 

ihor m«lt«d Q portion q 4 riiq ^ruic miun tK^ oterl^rlng ar«o, mh\^ I* oHockvd 

by Aroiiarr. Skdittinnl ti drposLied in an ndjoc^nf trougFt, '#N]ch t^n^i ismttalkotly. Id A 
rtifl crust DVBrlying tft* 4nargpn of the bfisJer ^[Mes katvralhr ond dowflwurrf under the 
force of gravity and comprotm t^Bdimenti m the geosyndin*. Laler the bNifer cckiIb^ 
lolbIFIofv ond shrinks and iti turfoco itnbi beneolh the h. (After 1951^ Auff. 

Gvof. Soc, vol. 63^ p 1fts*. 1 end 2J 

submarine ndge in ad'.'aace of what is now a fairly deep sea basin. Certainly 
a deep trench could not be preserved in front of an arc if sliding h^d oc- 
cuned. 

Tcc^ogciies 

For tnaoy ™rs the East Indian island iucs have provided a challenging 
subject for geologic spcculotioJi (see Figure fl2). Numerous different ideas 
have been presented to account for rhar rnigiu, development^, and rtructuiat 
patterns, hut extensive geologic* occanogitipliie. and gravitational studnss 
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in the former Dutch Indies have rtrfated most of them- Nev^erilidess the ob- 
’i-ioiis connccfioTi of these arcs with the ujouiit^i ranges of Bunra and 
laya^ that turn abniptiy south from the Himalayas, continues to focits atten¬ 
tion upon the East Jndies as a region offering ijnosiial opportunities for the 
investigahon of some of the more frmckinental bige-sciile features of earth 
stmchuc. 



Figure 92. Mop ihcFp^Ing Ihp fetfoiipi: nrc* of the £eit ^nd\s%. Vokank b?ici ara imJt- 
cBtfld by Kjfid Unes ond lha axi* of ihm lecfagart^ b rrTadcEd by daihfti. «ia bs 
errvndcd ta I»nne^;t with fb* ftiOUnlfaini uf Burmo, til* rBcfngErtE h cbarcKlEhiEd by wry 
bigh Pegaitw gwity miorFwlj«% ofid ir If uepmted toppgraphkuFty by srtbar on up- 
MiuHEcd rldya ihol moy Am^rge ta lOdiinEr^lary lilondi ar a dffep Ot«anic Innch. (CttoH 
paed fwjn? vpTiom fourwi Jncludiiig BfiraiFiESEn. 1949, Tfce geology af KndanajJpJ 

Structures jn the central and eastern parts of tie Indies arc so complex that 
Ihcir caiJSJcICTHEJDD would add needless cmifusiua to a disciissitni of gcosyu- 
dinul pTubteiiis. The reklions of Sunulta and fava to adjacent nitons on 
tolli sides, lujwcvcr, are telativdy skiiple. In passing fmin south to north 
the fulloivnig soiics are clearly dirtingnishable (see Figure 93): 

I. Sol fiwit at a depth of abmit 15,000 fed, chardctciized by modeatc 
posith’c gravity snrinialiei. 

Z deep clongatai trench svhosc axis lies about 150 miles ofishore ftotn 
the imin islands. Tills trench jj less than tOO miles wide and appears to oc- 
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cupy a position nitcnnediatc between the peis^itHe unomattes oi tJie gener^ 
CKean bottom and Ule negative janmruilies of die ne^tt soue. 

1. A nnnow ndg;& wi!05e crest is about 100 iniles from the coait of ibc 
main Ukncli. It emeiges as a of sm^II tslajuls soutbwe&t of Smnatm and 

k chaiaeferizeO by ven^ large negative anomalies- 
4. A second tmtigli less tkm 100 milesi uide and gencraTly fess than 
10*000 ffCt dcqi cbamclerjt 2 cd by moderate positivx a noma tics that increase 
toward the toain isbnds. 

A muunlainoiis and ralcanic belt about 100 tnilcft wide that constitutes 
the oTTter or sonttictn parts of Sumatra and Gravity lias nut been meas¬ 
ured here, but this may be a zone of somewhat greater poaiti^T anumalis 
tlian those on dlher side of it 



FigiurE Curves ihuwing re^otioni oF grcnrptv m inllltgiali to 

topography QCtoti iho nmlfi toclonk mm mf tha feiit EhdlAi^ Tt» deop ouank Ircnnh 1^ 
full OUtEidv oF tho ^rut dF ptlKtlOi>l Pt^golive ofiamatwE. ^nsEda Hi« Iro'iiiEiK oenrn a ujb^ 
merino rld^ thaf h&tm and ihor* boon llfondi. tn^idf Ihesa hi □ ihalbwer trpneh nnd 
Than a d^ain dI v^olcomk utand^ tDdto from KuBpon, 1?50^ Morino geolo^^ pit- A 
ortd AJ 

6. A lowland otea that dip^ gently ’htncaih the Strait of hfuhicca* the 
aouthtm tip of the South China Sea, and the Ja^'a Sew w^ith wafer nowUi^re 
much more ttian 500 feet deep. This zone both emeigcnt and submerged 
has B minimum width of ISO miles and is ch^^mctctjzcd by moderate positive 
anomaUes. 

The features of this region Uiat have attracted the most attention are the 
deep-sea trench (2), the high nf^tive grasit)^ anoimtlies (3)* arid the vol’ 
cmiiezotie (? j - The$e anrall utiusuul but they aic mare or leas cloady dii|ili- 
rated b) similar relations in iht other Pacific and in the ^V'eat Indiuji i^bnd 
arcs. Tlicif association appears to be significant. The deep iTendv has been 
liteiicd lo an mifiited geamclmal trongli and the v'olcanic islands seem to 
provide a poteiitia] source for gcosyncliiial sediments. 

Tlic high negative anomalies fiidjcate that impoitaut jsostatic tnoiad^t- 
ntent occim dose m front of the isknd arc wud iuggest that the gravitation- 
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ally deficient zone is iinderkin hy a thickeniDg of the siaJ layer. Calcuktioiis 
Lcidicatt that displacement of 250 to 400 cubic miles of siuia by ovetlying siaJ 






Rgura 94 . X^^yalo^enT of a Iffclo^nr. A. C 3 «}tyndinol 

dMnwajping begifii m n f»uN at s*di- 

mnnti Qcci^ulcFla in ths gflCHynt-lbiE. |. Incrensefl 

rek!a(or»d pvrhqpi by tOnveiging canvuctkon currvnH 
In Ihe Mrftl't nisinrie cwl to fapefeift doVkfnward- 

Doformatte ttf a«(xynd1nal ivdimenti b«gins. The trough 
vcibped ot Ihii ilag& hm been caniJd^tfid by mm* (HTrsoni to 
correspond wirh the ffl^edeeqi odtoctnf to lom# continpntol 
mgjgini nfid Pilcmd aix%. C. DownbucktJrrg ^onlinuet Greufly 
cleforiit«d ledimanth qie iquanzod UpwOtii out of the ceflifol 
pert of Ihe tectogaTie. OveTlhrmling «un ^ both ditoCtiraYi, 

A morginor trench developi ouii^de oF the teriog«tte. 

per Ibcar mile ivntilJ pnRltice anomulies of tht order of magnihide tliat have 
been ofcenxd. Tliis ct^tdd be accYimpliNhed W ^ytiimctiical down bending 
of the Rial-simn contact to a depth of about fifteen miles and would involve 























TECTONICS 


261 


slightly greater crusial shartctimg. Suth a p<Jstlllat^^d dOAvnfolding of the sM 
is tmned a 1 stx Figure 94}* 

In a shrinking the 513 ! layer would bend downward more readily th^n 
npward. If it were accomplished slowdy^ displacement of the slightly heavier 
Sima by the sia] would require |ar less force than equal upw'ard bulging into 
mych less dense aii. Tlie occuitence of very slow'Iy circulating ttinvectioii 
nirreuts mlhin dte earili w^hicU converge bebw die surface and return dowij- 
wurd Iia$ been suggested as an additional mecliairism to aid in the develop¬ 
ment of Eecto^cs. A1 though the tcctogcne is pulled downw-ard in some 



volcanic Aftc ak 



FIgijrfi 9S. DBVftlofinTQiil cf a doub^H bbnd art Oi. Uinbgrovv. 4, ton- 

^nfisF pn^i^urv praducm a (BclDgantf aiid ifirawi tb» CfUtt to Urt jefl in ItiH dia^rom infift 
a broad genHe wqve, Vo^caniim bf^oks oul on tfiB upFiltixd port of ifie wgvf and ibe 
dspiratfd port betomcf a iedimErrlary bojirr. i f^flloKaiHn dF preruure die tec- 

logen^ lo fht beaiyi« the dqwnbvcklEd UgH ^ipllc crmterkii h nof In irnfafic equIFibriym. 
Svbcruftal Flawag« reiulti In lubtJdenw pF adjacent con» creotJng a trough between ihd 
newl/ uplifted defnrmiKl ivdimenfs df tfifr autvi* arc and ihe hnn«r voiconic nnr, whkh has 
beon rfrducBd in width. At the Kime tirfiB ond In tht soin# wpy on pofer Iraugtl lubikje^ 
tAftBr Urnbgrave^ fJin py/ie af ffie enifit, p, Ifib, figr 123^ by permlJUJon ol Mortinui 

NlJboif.S 

ujiknuvkii wdv, ttic Iwwci density of material in it shotiltl tend to buoy up ad- 
j&cenl areas on both sides, where possibly tbe sial iayci was thuujod by 
stretebmg and the simn thicl^encd by latemi movetticnt from beiieat]) the 
tectogenc. Consequently the negative aoiic jlioultl lie between positive 
anomalies. WTicn growth of the tcctogcnc ceased, bosbsy would reassert it¬ 
self, the eentral ranc would rise, and the border /tines would smk as sbtnvn 
in Figure 95. 
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The tectogesie hypothesis haii been ads)ptc:d to explain the origiii and de¬ 
velopment of the Appcd^chian and other gfosjntlmcs. Jnitkl do™bendiiig 
in a tceto^cnc ^ilong the continentaJ maigiu produced a submerged trough 
that wai filled nt first by sediment derived from the eineigenl cantrncntal 
platform. .\s dcmiiuarpixig cDtitinuftl, the sedbnentao' strata were pindied 
between the coij\aging &idc$ of the tcctogenc and squeezed npu^id and 
outiAiard. At the 5^^T^c time, volcanic activity began and islands emerged con- 
nsting partly of opthrust sediment hut more bigeiy of extrusive wleanic 
material. From this rime on+ such islands, mpidiy aojed but repeatedly up¬ 
lifted or rephfed by othert. provided must of the sediment reedved bj the 
growing gcosywline. Hus great structure was now divisible into two partSp 
a eugifosiTidrnuf rn which the volcanic isbnds wtie located amj whusc 
sxTV' thick sediments later were extensively tnelainoTphosech and a pamlJel 
subsiding miogeosyndinuf zone^ without vaJcarif>e^, w hose thick accumulat¬ 
ing sediments thinned towmd and tapped ui>on the continental platfonn. 
Although no reference has l>eeii made to a sctxmd niiogeosyiiclmal mac 
presumably s^lrould otcui upon tJie duIct vide of the volcaiiLc islands. Hie vfyV 
canoes brought maiiiJy basic oi intermediate lavajl to the surface but From 
time to time Llie eugaKviichtial mnc m^y Iwve been iutmdcd by acid phi- 
tome Docks, Geosyucluml development was tern eluded by 4 final squeezing 
of tht rectfigeiie whieli folded and faulted the miogeosjinclinal sediments. 
Accortiuig to this theory the Appalachian Mountains imik. an inner miageo 
synciiiicand the Piedmont Pbtean iS the deeply eicxlotl cugcxjsvuclitic. 

Thiii theory attractive because it proxides 50iiie analogy to the stmctuic 
of rnmleni island ara. TIic vulcanic islands suggest cimrparison with die voh 
canism that occiiTred in some ancitnl g«>syiiduics, and the outer miogco- 
syndinc mighi: turrervpund to the deep-sea treuth. More iinportantly, it is in 
harmony with some facts tliat contradict the old theory of Ijurdcrlanils, Tijus 
Tudinactive dating of wmic minerals frona the Piedmont region reveals Pale¬ 
ozoic 3^ rJiiging from about late Ordovician to Carbouiterom for tdcIs 
formerly idciitifiod by tbcir general characters as Precaiubriaii. tiome poorly 
prt^rved Paleozoic fossils have been discovered in ajiiwidated nietniiiQt^ 
phased sediments. Deep wells iu Florida have found iinmelumorphoised 
wdfmcnteTV rckiisi with Paleozoic fossils that have been ititcrpreted as com¬ 
ing fnmi an outer rtiiugcf^vsTiClinc. Thu^ the Piedmont does not consist co' 
tircly of very' auctcnl focU and it appears to be the ecntral pit of a great 
symmetrical structiuc. The suggestion has been made that ttic contiuents 
grew jiitcfiiuttenth throiigliuiit geologic tmic by the addition uf stabilized 
gcusyticlinaJ zones of these h'p< 2 i along tJieif maigins. 

Oil the orfier hand, when the Appabciiian region b comiderwi serious 
objectioTvs to ibis theory^ can he raised i 

1. Similaiitiei drawn between the demaneb of thb th«jry dnd modem is¬ 
land arcs appear to be fartniteus. Plie elements of the two systems face in 
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oppos^ite diitctions. The structmal artrs cii the Appalachians het toward tinr 
contmait hvit the island arcs juvitiiiibly face toward the npen deep seii. 

2. llie two systems are out of proportion, the Appalachian zones bcin^ 
wider tium those of modem islaDtl arcs. 

5, If the Appabchian voIcstlocs vveie located above the deepest part of 
the geo?m>dine, as postidated (see Figuie %), tbej cannot corrEspand to 
those af the bkod aicSp which arc IGt) tniles in from the tenter of the tccto- 
gene and mark art uplifted 35one with positive gravity anamaltea. 

+. The miogeosynclmes occ^y positions tJiat should be marginal to the 
tcctogenc and| according to this tliese axe zone^ that should rise 

slightly rather than subside deeply* 


M,¥. VT, K.HAW. MC 



FtQurm 96. ibcEinTtTUCtbtl ef tht Appcttachimi g»<»yitcNFte Tn New ift 0 (Dnd af iFve 
end erf Iti* Ordavkiari PfeHod Ol lnl«rpr«l^ by K?iy. Tlia eg^eQiyncEicvg end iriogeoiyri' 
clJns awe by o great uplrfit»d wrefl ihel wde avrrlfirudt wfttflwOfd. (After 

Kcfy^ }95\t Geet Sec, Mam. 48, p. 26, pt 9i> 


5* Most of the ctiiitincntal coasts of Uie world are ntil borduTed now and 

have not been botilciod stnee late Cretaceous time by volcunc isUotl arcs. 
Modem arcs ait cooceutiatrd on the ^'ci^terc side of the Fafifc Octan with 
only ininor rqurscntatives clicwla-re. This su^psts that they aie related tu 
some localized pcxulntiily of stiucturc. iTicra is no pitsunt pwitivu evidence 
that isbnd arcs comparable to inodcrn ones es'cr existed at other places. 

These and similar obiectians liavc been recogntzed by vaiious geologists, 
and Krtain inodiEeatiuuj of tJie tcctogciie theory- lias’C been suggested in an 
effurf tu meet tLcm. Vcvcrtlieless they seem to eliminate tbc possibility of 
drawing a dose paialkl lictween the postulated island arcs of ancient geo- 
synclincs and tnodein bland aits. TTic foliowing objections aie directed 
against the prevailing concept of eiigeosyticliiies! 

J, Jt docs not seem Jikdy that the dccjiat part of the geropidine cniild 
have both been filled with sediment of local derivation and contributed ail- 
ditiuiul cnOTmous volumes of sediment to adjacent regions. 'I hss could favc 
been accomplished only by stupendous volcanic activity whicfa, in the A[v 
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paJiiclii^ii geoiiyiicliiic, must have been equivalent at tlic vtn' mJuimutn to 
Sfty times the volume of the Cotuinlim Plateau basalts but piobablv mueb 
more, 

2 . Tt does iiat seem likely tliat hiasie volcanism should hreal: out and be 
con&ned to the zone wliere tcdiiucuts were thickest, where lliey woe sub¬ 
jected to Lateial pressure became of downbenduig iu the geosynclinc, and 
where subsidtuce probably displaced the isotherms downward. The vol¬ 
canoes of modem island arcs appear to be located along an upbms-ed zone 
inside the avis of the tectogene and they mav be fed by lava rising along the 
shear planes indicated by deep-seated earthquakes fsee PiguiE 9”'i. 

T It does not seem likely that mainly evtmsive basic and intermediate s'ol- 
canics umld Itjve produced the quantities of quartz sand and sill that w*erc 
deposited in the miogeosyndinE and at times spread over tJie eonliiientaE 
platform. For the Pennsyh'auian Period alone this may have amounted to 
more than 5 O.OOO cubic miles m eastern N'ortli Amenca. 

4. It does not seem likely that extensive giamtizatian n-'quiriiig large 
amounts of silica toidd liavc ncciined in itedhnenb squeezed in a tectogene 
and derived from ba.sic and intermediate vulcanics overlying only the thin 
sial layer that may or may not be present beneath the Atlantic Ocean. 

JVfounldfn Arer 

Anothei theory also draws its inspiration in part fioni tlie modem ItTg r i d 
arcs but it overconjes some of the more serious diEcidries that beset the tectiv 
gene theory, lire i-sland arcs are in effect mountarri ranges lisiog from tlie ,sca 
floor. Somt of Ibcin ps? laterally into teciesttisl mountain cliains to which 
they ptesimialily aiv fuiidanicntally similar 1 see ['ignn: 92, p. 25fi«. tfxuinplcs 
ate the large Imiimcrian islands of Smtuitra and [ava fextension of the 
scnitbwaid ttending mountains of Burma) and the Aieutkn Islands, that con- 
bnuc the moimtaim of the Alaska Peninsula Isee Figure 98 J. 

Both island arcs and mcnintam arcs may be single or double. ^Vlitxc sin¬ 
gle, it is the tuner ate lliat is developed; where double, this arc generally is 
morepfomment than tlic other one Both islands and moimtaiuji of the iii- 
oei arcs counnoiily bear volcuioes, as in the western Pacific is]aud.\ and the 
Cascade ICinge of W'asliingtnii and Oregon. These mountamK. if w-om down 
deeply enmigli by erosion, may expose granitic b 3 tholith.s as in the Siena 
Mcvudii. If there is no outci arc, its {rosition may be marked bv a deep linear 
MCaTiit trench, as along the soutii coast of Java and the coast of northern 
Chile. Where an outer arc is developed, the islands or mountaim coiuiEt of 
upthrust deposits tliat luiri accumulated in such a trench. Examples arc a 
chain of small islands paralleling the south coast of Sumatra, die Kodiak 
islands adiacent to the Alaska Peninsula.aud the Coast Ranges of Washing' 
tni». Oregon, and California. 

The sedrraentaiy rocks exposed in the island and inoimtain arcs consist 
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nui»lv of iiTid hsmc rxtrBsrvu tgimrn rocks arc cotti- 

irioitH Tlicic njdb arc diai^tteristic of the suite that is generally considered 
tD ocenpy and to identih eugeosyndines. The axes also may indude inter¬ 
mediate to add initrustves. 

All modem pnman^ arcs arc convex outsv'ard from the coiitiiicnts and 
many of them face the open sea, Tlicy arc acth'^c se^ndc zones with epicen¬ 
ters cmiceiilrated along and beliiDii them, llie eaifliqiiake foci oeenr at 
gieatei aj:id greater depths tmvard lioiu the arcs and seciu to idcntiH' planes 
of shearing drat extend back towaid or !»eiieath the cnndtiaiis fset Figure 
97J. At ^Imlluvv dq^th^ tlie$e planer dip ^ angles of ?0 to 5? degrees but 
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Fiaur« 97, shucrurttl sfrcli&ii showing the reratiori* of o concfintiic volcank 

ore lo ihe conhnentnl border oi intt^prefed by W^}lQCl. Th* position o^d incfir^itjon oF 
the Ztjna af rhrLi^l fiaulring b. dtrtrrtfEfi sd OH tfl? ot vOPlhquok^ f«k 
Wljsan. 1954. Tie earth or a pfonit^ p. 1S6, flg. 4, by pftfftiiidQrt of the Unlvarwly oF 
Qikag? preii ond G- P* Kuppar.) 


dm Steepen abrupt]) to abnut tiO degrees MjUTic forty to forty-five miJe$ fic- 
Iffw' die siTrfacc. Tlic foci slinw that these planes contiiiiie to a depdt of about 
HOO miles. 

'Hie pattern of sheat: pLuies tndicatrd bv earthquakes suggests overthnjst- 
liig along intersecting cotiiGil surfaces. In the island arcs, ihoc sirrfacfS 
secTu tu emerge bcncitii die sea at the oceanic trenebes whidi may beceme 
the sites fjf outer arcs, llie hiiter arcs npprosiniatdy overlie futicdoin of the 
gentler and steeper ^liea; planes. Volcanoes arc fed by uiagnia th^t riies 
along the shear planer and overlying fractures. 

Stcondayy^ arcs ma)' dccht behind the primary^ arcs and opposite their 
pointv of angular deflection. Tliese face in the odjer diiectiun and are eon- 
ve:x tewt'a^d the continents- They consist of sedimentary racb of the tyjies 
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FgvrQ AAap dF the wtifld laid oil) to emphoelze ihe conllnuity die two 

greci laHOi «t felathety tecent and niodaiTi tedonic artr Aot Follow grOot dtciot. 
<SlTvcturat inlarpritotloni ofter Vltllsonj 1954, The oorfh ai a ploneF, p. 153, fig. 3 
pnd othen, by pwrmiMlon aF die Unimiity of Chicago and G. P. Kulpafl 
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commonl)' consMcred to occupy imd to identif)’ mijgeosj'nclmcs and are 
largely non volcanic* Earthquakes origmatijiig m or near these arcs are all of 
the shallow type* 

This pattern of priinary* and secondaty arcs is most apparei^t in the moun¬ 
tains and islands that have been clcriitcd during Ccnozoic tune. The ares 
are aiiauged tn two sviitema appm^iTnatfug great ehclc$v ^ shown in Figute 
9S* One rings the Pacific Oceon and the other eirteDds along the Medilei- 
mttcan, southern Ada, and meets tlie Hrst in the East Indies^ Other 

s>^tenis of mnimtaiii arcs, of grater age, in part folh™ othei courses. Tlicy 
are \c^s easy to identify and trace b^:ause they ha^^e been worn dow-n deeply 
by erosion, their volcanoes have been long extinct* and iiiipoitant parts of 
them are now covered by ymmger sedimejnEs. Aoeordiug to this Uicorj^ the 
Appalachian Mountains are secondary arcs iomex iiotthivcstwurd (iee 
Figure 99 K Tlicy ate best developed opposite defieeiJoiii of tlie primary 



Figufg 99. Map of Baitam NarTh Ampftca ihqwlng lti<e Appabcli l«n lyiivtti alF l^ttcmk 
afct at kiisrpret&d bfy WiFion. The vak-ank pam {rf fha> pf^nvary arci;, ihovfn in darfcar 



pk^Gu, Nava ScGtiflp orH± N^wfayneUnGd. StructuE^i In PalatEiali: rodcs of tko AppoIcKh- 
kin and ndiocent wgiaG i«6fk ihn wcondory ana_ tAftar Wllicm, IPi^S, T^rn Mirjffc m O 
piontf, p. 17^. fig. 14, by pornimun at rhe Unlverilly of Chkago Preu end G. P* Ku^pntJ 

arts that arc convex towiard the Afbntic Occam The inner pnmat)' area are 
e\'ident in Uit nictamoiphk: and intTUsivc igneous rcKks of the Kedmont 
region. OutiT if they existed, arc laigdy couccaled beneath the coastal 
plain depusits or have lubiided beneath tlicoccari. 

Thu iJieor)’ pmtii[alc$ au evelutimiif}' ^ticuce in Uic de^clfipment pf 
blaiTcl arcs and moirntaiii tuti^ as follow^: 

b Fracturiiig and ovcrthmiting along part of a cetiical surface initiated 
fomiation of an arc. This resuhed from lateral compression in the outer stiell, 
about forty mfles thick, of -i simviy cooling earth altfjotigh tension may hav-c 
prcv-iilid in an uiideilying dicH- Such surfuecs of slnictuial failure ^eem to 
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c&fTC around the centcns of thick ddbuc accumiilatioiii of »xliiiieiit de¬ 
rived from the erosion of a coAtjitcQf. Tlie ilicar snrfacts generally eiiieigc 
from the lidiospJiert beneath the sea sehuc distance beyond the scdiincnfci^ 
area and thej'arecojivcx lowani tJic sea. 

2 . A snbiniitinc trendi liegan to form where the shear sijiface emerged and 
expression resnlted jti downbcDdiug of the crust. The nature of auy sub¬ 
siding trench. hosve\er, depended upon the rate at which sediment was de¬ 
posited in It. The trench may have received litlle sediment and heianie pro- 
gressivdy deeper or it may have been completely Riled as fast as it snlisided. 
Deficient gravity anomalies reflect the presmee of thick sediments and not 
dottnbending of a sial layer whidi piohahly dos not extend beneath the 
ocean. ITie strcallcti tectogenes are related piimanfy to compression ami 
vedimcntiry loading and nol to convection currents within the body of tire 
earth. 

At or a little .T,fteT the time trenches hegan to Form volcaniirm com- 
menced along the line of the muer arc. Heat piixlnced by fiictimi along shear 
planes causctl melting, and magma escaped thmiigh fradtins extending up 
ward from a depth of about forty miles, where the angle of shear planes 
cUanges. Extrusive lavas genctally w'txc basic but, as this process continued, 
differentiatian cretuTTed piogresivTelv and more and more acid magma rosc^ 
perhap from detirer and deeper aonts. until granite batliciUths were in¬ 
truded or tile rocks were granitilled metasomaliCaJU . 

4 . Ai soon as volcamt islands ol tlic inner art appeared above the surface 
of the sen, erosion began. Sediments were delivered to the trench and to a 
basin niside the arc, Tlicsc sediments wttc derived from basic vnlcanics 
anti became qmr^j-hse graywackes. Gnmilkalion beneath the mner arc di-s- 
turlxed ismlatic e(|uiLbiimii. and tlie same compTcssion tliat deepened the 
trench testilicd in deformalioii and uplifting of the islands. Eiwsion cut 
down iiilti tpiurtz-bearing tnchiincuphre and igneous rockv, and sediments 
were pniduecd that beca111e typical <jilaxt? giay-wackcs. 

5 . ihis process progressed ant! compression continued, tire islands of 

themne? arc wtic incrcasingk ddomicd and further uplifted, I’hey grew' in 
sine and became eounecied. Isluuds also may Lave jpptareil along the outer 
□re, squeeied up from the sediments of the freiidi. Further compression 
raised Ihe entire double an; and a borderbiid was formed. Erosion of Ihn 
iiinre extensive land area ptoduced sediments of varied ongin rlut were more 
coinptetely wcatliercd. After deposition, they bocamc subgrayivackcs These 
sediments were trausparted lu Iroth directions. Depending upon coriditiuus 
the basins inside the arcs were shallow Iv iiiorine ui they becimE filled und il J 
sediincnis accumnlaled m Icrrestml deposits. ' 

6 . Contmued compression resuKed rii folding and faulting behind the 
primary sxvi. especially opposite tile angles of their functitm. mid secondary 
arcs developed at there places. The secondary arcs consist of sedimeub de^ 
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poiilcd fn haiiiLS bEhind klicprimjiiyarcs. If tlitj- hnd not been raised earHer. 
the basins were cln'ated abufve sea level and the eontinental margin was es- 
tended bev'oiid lire site of the primarv arcs- In this w’ay continents grew be 
accretion along their margins. 

7 . Uplift and cuinprcssioii of Ixjth pmnars- and secondary arcs continued 
more or ttss spasmfjdjcally but the ntsv marginal portion of the continent 
gradually became stabilized. Tlie mnimtains of the arcs were warn down, 
producing sediments that were deposited offshore in rbict accumubtiona, 
Tlitts the stage was set for crustal faihirc along a new‘ sv'stcm of shear planes 
and the inibation of a new cycle of arc development. 

Arcs that join to form a siuglc system gcncralEy exlnbit different develop¬ 
mental stages. Either a ss'steni began to fonn in one or more aica-s and pro 
grcised laterally by the addition of sneecssiveli yoiniger arcs, or certain arcs 
evolved more rapidly than others. TIic modeiii Pacifit; liorda system appears 
to consist of elemeiib of iomewliat different ages. Thus the ares of North 
.\merica began tti form in middle or late Mesozuit tune and ate now mature, 
whereas must of those adjacent to the Asiatic const are of Tertian' age and 
□re stni ynutbful. Some parts of a system, even if mature, mav never have 
dev'cloped ontcr arcs, as in the coastal JEoneof Snutli America. 

This theory is particularly interesting for several reasons. il j li relates 
mountain arcs and Hlaml arcs eshibitiug clOsc similarities in gebmeldc fnim 
and gfOgrapliic continuity. {2) St traiMfers emphasis frcim the gcosynclines 
themselves to llje tectonic and sediiiientnlDgit pTt)ccsscs that lesultccj in the 
prodnetion and accumulatjun of thick wrtimentary deposit of diffcrait 
kinds. I ^1 It prtwitfes an explanatioo for the development of borderlands 
of the type that could Lave fnmished the variety of sediments obsciv'ed itr 
geosynclinal dqiosits. 

Althougli 111 outline ibis tJictm is attractive iu miiiiy way's, various difficui- 
tics and objections become appaient on close examination. Among the oli- 
jecfioiis and imexplained fcatirres arc the fGlIosviiig; 

1. Tl)c mmintains nf the world cannot be arranged as neaTty into outer 
and inner primary .ires and sCLoridary arcs as this theory requires. Particn* 
larly at junctions of many Tneumtam arcs and in such great unges as the 
Himalayas, Alps, and Rocky' Mountains, complcxitnii defy clnssificatjcm of 
this kind. 

2, Sonic important mountains fmd no place in this arrangcmnit—for ei- 
amplc, the Carpathians attd Pyrcncoi and tlic nioiintaiiu of the Isthmus of 
Panama and otherparrt of Central .\mcrica joiith of Mexico, 

T pTC-Ceno/oic mountains do nnt seem to he arranged in great-eirele 
systons. Older structures undoubtedly influiEmced later structural develop¬ 
ments. Parts of the present arcs began to form in Mesozoic time, and, if tlie 
relations that this theory proposes actually exist, corrKpondeiice between 
present and ancient arcs should be more evident. 
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4. If arcs arc tdatcd to preceding teiifm of thick sedimenLaiy acciuntib- 
tjcm, the MaLbiiaL'i arc, on whidi Coimi h Jocated (see Figure S7, p. 247 >« 
and $onie ulJiet pinminent ones m tJie westem Pacific.- Ocean are ancmi- 
idQii5, Tliese lie fat fnim tiny contijient are distant fmtn thick and eKtensiv-e 
sedimenlarTi'' jttijjTinlation?^ and are situated outHide of other arcs that have 
tiof completed dieir atnictural developmenL 

5. Some rstands of the arcs; such as ilie PhnippincSp contain Tertiary” foi> 
motions with timcli qtiiiTtz sand for which Lheic i% at present, no nbiiom 
siiiTTicre, Diese young fcnmahtnis, now mis^ above the sea* indicate tliat in 
fairly recent geolo^c fime .Tin inipoitnut land area esdsled closer than the 
conttnent of Ask. Tlic condustou seems [usHfied that this land has subsided 
deeply beneath the adjac^c^t sea. If 30 , arc development hfi^ imt necessarily 
resulted Ln enlnrgojientof the continents, 

6 . The occufreiicegf some great mtnmve bodies like the Idaho bathotiHy 
as well as other snialJer outs, appears to be out of pbce. Such bodies w^cre 
empbccd at a late stage of development iii some itnictural eienienls that are 
idenirficd as inner arcs„ This tUerrry provida no cxplanaticm, howtvin; fcpr 
such oceiTmmce$ In secondary of outer aicSi^ or m the regiotss inlmirniiig 
between primary and secondarj’ ares. 

7 . It docs nut !Wm likely that the Pacific ranges and the Rocky Mounfains 

■of North America can be related as ihc primary and secondary pitk of a sin- 
gk tectonic ^neh as rtuj thenyi postulates. Reseks certainly are too 

weak to tiansmii Gcinprcssive forces across the great distances that sq^amfa 
these ranges. 

Com/wwoar of Theories 

None of the foregoing theories puTvidcs an entirely satisfactory csplana^ 
tion for the origiiL, devekpmenh and stabilkation. of gcasyncluies as stme- 
tnnd features or for the redimcutary deposits that accumulated in tfitm. On 
the vi4tok And in ipite tif iti impCTfcctrnns, the mountaiu arc theory comes 
do^l to being adequate. This theory is a good example of the many that 
have been suggested or strongly influeticcd by genera lisa dons and the doubb 
ful significance of more or less fanciful patterns recognized m geographic; 
topographic, or slTuctural rcladoiuiliipt- l"hu3 it is closely akin tu the omgeii 
and ma.^a blister ihcoriej. which attempt to explain different generaliia- 
tioiii of exactly die same features (see Figure 100 and figures and 90^ 
pp,. 2S>* 256). Evm if it tiactexds ki port, the uiouufain arc theory, likt any 
odiei based on geuciaUzatinai, h likdy to be too simpk and incomplete be¬ 
cause g^craliaadon snppressca complicating details, some of which may be 
of great importance, 

An effort can be made to test these geosjTiclinal theories by considering 
their iuiplicatinns with respect to the mutual rektious of ocean basins and 
continents and tlieh effects on sea-level changes. 


TECTOMCS 

Sea Ie\ e} is dcteimincd by the cajiadt) of the fjccan basios jud the raiunie 
of water Uicy contiuii. These reliUons are alteinl niauUy Ijy (1) gradimi fill- 
mg of the hasins by kodndmveti tediments. [It additions of juvoiik mng- 
maUc tmter to the and / ?} itiuctiird leadfustmenU bchreen the ocean 
boalmand the cantinents. Tlie first tw<* taiise sea Icrcl to rise gratlwiiny. Tlie 
but must involve enlargement or deepening of the basins or rise nf conti- 
nents; ntheiwise the eoiitmcnhi conld not persist as land. Otlier causes of 
finctuaKng m Ics'd, sncti as cipiinsion and contraction of cuntiiifntal gla¬ 
ciers, am minor by comparison and can aeconnt for vaiiatiom of no more 
than a few hundred fect. 



figvrt (OO. of iKe WadllerronBon region ibowing W»Ko«i‘i «lEnHfl«ifkifi dF tlie 

oalBF ond inner firiitiaiv Orel □nd llie beiT-deveJep«d leramfory dro. lAFtef Wilmn, 1^54. 
rtiB tttfth nr o filoffet, p, i 45, fig. 11, hf penniiiion of lire UniMndiy et Ctiiorgo Preu 
omd G, F, Kvlpnrj 


Some theorio postulate tJie growth of conbuents by Diarginal gcossn' 
clinaJ arxietioit, 'nris process would decrease the arm of ocean hasiiu, and 
sea level would rise. In order to be majiilaiiicd as tuul the entire auitinenb 
would have to rise even more rapidly because Hiey were constantly subject 
to the dcstnictisc acrion of erosion. In contrast, other theories postiiLito 
foundering of former portians of the continents that furnished sediments to 
gEosyudmes. Tliis would incicase basin areas, and sea level would fall unless 
the hariiLs were roucumiitly filled with sediment. 

Evident of biig^tenn jea-Icvd variation is more or less contradictoiy. No 
ccTtaiiily identified dcqvsca sediiucnt is known in aiiv land area of the 
world today except perimps nn a very few islands of outer arcs sudi as Timor 
in the Ejst Indies and Barbados in the West Indies. Red clay of prjssihlc 
abyssal origin has been reported oo both of these hlauds- On tlie otha hand, 
areas along all three lyTica of coast (icc p. IWj appear to luve siihsided bc- 
neatli the sea. Tl»c penepbue below sedimenh of the Nmth -American At¬ 
lantic coast has been traced by scUmc^pli to depths of more than J 5,000 
feci (see FiguTc 84, p, i-Hj, A considemhlt area off the southem CaltfomLj 
coast almost certainly has been downfaulted 4000 feel or more fwe Figure 
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86, jj, Also wnie vcdiuicQb' an islauiU of the stcs seem to iccaid the 
presence of inipoTtaT:it land aiea$ ■where now theft is moderatcU deep sea. 

1‘hc possible foundering of continental regions has been denied repeatedly 
lK;eaiisc scinnic and gravitational evidence does not indkate tlic octtmeiice 
of a tiiick contbeuial sial layer anywhere lieneath the ocean. Uplift or de¬ 
press ion flf any large part of the earth's suitice presumably demands the 
transfer of sraiic malerial in order that isf^stasy may be maintuiiied TIjc 
presence of uianne scdiinents and ft>ssfls mmy tliniiisiinds of feel alxivc sea 
lov'd and particularly the delation of extensive regions like tlie Colorado 
plateaus and the great Tibetan uplands dcnionstrarc that such tiaiisfer prob¬ 
ably Jus taken place. The addiuoii of sial to the emst beneath such regions 
lias been consitlmt] possible but its abstractiun below others that have sub¬ 
sided eoncspondingly has been regarded as imTikcly. Tliis reasoning does 
not seem to be wdl ftKuidcd, 

Flat-topped Fadfic seamounts are believed ti> be former volLanic Islands 
whose summits were planed down to wa level by enasioii. Their various ele¬ 
vations, ranging hom BfltXl to 6000 feet below the surface nf the sea I see 
Figure 101 j, tbeietore. have been considered to resord former stands of sea 
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rHff Coffcfemia cocni. B ord C r^prwenl tK? gEnefnl ei&pth Inupti of ths sfio- 
rflOktntPs Sci™ iubmorinii ate repHSfled In ho« liocod >n depthi 

itiLhch gtwjlef thoji 3000 foiT, 

levd. ITi^ opinifjh l^jeeii e^pfessed thal ihey tkte Itohi iiuviud tiiiiesv^ 
pTobahly PrccuTnbrijn, when the heJii miidi liss w-atcr than nl yrt'^ent 
and btiim nr 4 ;f“f<inniiig aiguimjiis Itid <;vnlvctL Ol}iL*j:wi^c iUtiy wTjnid luve 
been built lip slnwH sta el tost and they wDidd ncir* l^c ntolh. StiulloW'- 
water GretafossiU Luve l>eeii dredged from some searnoimts* however 
—apparently good widenee that these submerged islands do nut date back to 
mud) carbet tiiiies. In coiitnist, submaiinc canyons ihal incite l]jc ciontaneni- 
tal ^df and cotiLmue to depths eucupjiiablc to summits o( the seanicmnN 
have hecn ititerpteted as dating only from the Pletstoccne lifjHJch. A pluusibte 
explamition fur then eiosion by turbid ily eiiments wilhoul the nerasity ai 
greatly lowcied s&a level has been presniuted. 

Relative sea IctcI lias not twen ainstant hut has ftucimited ivjthin meider- 
ate hfuits thfoughout all gjeologic time. %Mthdfawal and return of water 
occasioned by the c^tIc of Pleistocene continental glaciatioii are well estab- 




TECiosrrcs 

bshcd. In earte Hmes extensive marine Boodii^ of Hie continent ocemred 
as diiriTi^ tJie iciaji and Cretaceoiii periods liid jnvolvcd no ^reat fisc 

of sea level jiit] i\-as tcmpoian . At present sea level nu)' be iiidiHr lower 
than its average througliout the past. On the whole no kige chiigi^ m the 
capacity’ of the ocean hasins has been demonstrated with any icasoiiable 
d^ree of ctrtaintv. llicTefcre, the dtensive gnmrth of contm^ts by tnar- 
giiijJ accretion since at icrist Precambnan time can be doulitcd. 

CojtclnsioTjs 

Most of the sediment m the Appalachian geosyndtiie seems to have Ijctn 
derived from some kind of borderhind more eitenrivc iJun solcanic islmids 
like those of modcni island arcs and difFercntly ctmstitnted. The horderjand, 
however. proboWy w^s not sncli an ancient and persistciU land mass as svai 
formerly believed and it may not have extended along the entire AiLinhc 
coaslJjnc limultancously. Possibly its position changed from time to time. 

Laic Precaiiihrian and eailj' Cambriaa sediments jeem to have been cat- 
ried onhvand from the ccmtincnt. fhev furmed verv tliick deposits m the 
eiiJy stages of .^ppaJachLiii gcosyntliiial development. These contributed to 
the depression of a subsiding trcugli. Basic viilmiariiie lava flows broke out 
along its outer margin and interfiiigored svith tlie sediments. A ndge began 
to rise in Ubs position. Parf of it hocanie emergenl and bore volcanoes. At 
the same time the coiitineulaJ platfomi sank shallowly beneath the sea. 
Subsequently the ridge was greatly elevated first iii out area and then in 
another fn several main pulses nf activity. Tt was deformed ItJ rodti were 
[rjetaniorphosed, and its core was graiiitked. It grew unwenlv in width. The 
sediments on its flanks were progressively involved in its defonnalion. Hiii 
Ixirdeilaud occupied the position of the prcMuil Piedmcml, and itv craswn 
provided .sediments derived fnun older iedimenlary formations, iiictatnor- 
pliosed stmta, and pluttmic nicks. An important part of tiic sediments was 
clepo.%itied in the subsiding gcosyncluiol tioiigh iiiiiiiediately to the nurthwest. 
The thick and coarsely detrital formatiotLS of diflciunt ages identifv th(«e 
parts Ilf the bonlerhnd that were cuireiirly most active. Presirmahly an equal 
quautitT of sediment was carried eistnaid into the .\tfcmtic liasiii. 

Towuid the L'Uisc iff the PaleiKsoic Bra the gcosyinciine was tompiessed and 
its strata were folded and faulted. Tltcreafter activity in the borderland nip 
hlly dctliticv!. In Triassic time mf)<mtaiiiou.s ridges were elevated bv fault¬ 
ing and some lava was erupted but soon this region was worn down bv cro- 
ainn, Bj rn id Mesozoic time the borrlctlatid had achieved relative stahilitv. 

It was nearly penqrbncd. and subsidence began that tujs ctrntinned intiT- 
mittently in its outer part imtd the present. At the same time the deformed 
geusviiclinc was tuodeiatcly elev'ated. 

Ilic mcciiatiisni rcspunsiblc fot earth niuvementj in and near the ,Ap. 
palactiian gcosmvtine h uiiexplaiticii Fha.ve ctiaiige at depth ([(jcs not seem 
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to piD^ide the bEcaiise il appean csjcccdingly tiiilikdy tlial %nch 

changes acting in oppo^iitc wonld siinoltancon&ly diat.ictmze tiie iink- 
iiig geosyncUne and the closely adjacoil bofdeiland for a vm lotig period of 
time. More probably the mcchairnTn nivoived the latemi movement of large 
voUimes ol iiLaterLiJ by subemstaJ flovi' that* for some unknown teason, be¬ 
gan, contimicJ throughout much of the Palcoz^nc Eel, tlien ceased, and 
fiujlly was Tcr^CTSCd. 

Conditicnis and the sequence of events in the Paleozoic gcosyiidine along 
the PacifiL coast of North America may lieen constdcrably different 
(sec Fignte 102). Un(ortunafel) this region is too iiiEit^mpfetelr known to 
permit conipaason in any detail. There are some indicatioiu that the western 
geosyneline rvas much wider and that sediments were delivered to it both 
from the contmentd plalicrrm on one side and from an aiciliipelago of ^^1- 
canic islands an the other 

Geosyndincs are very impomtd in [itiatigrapiiy. Since the beginning of 



Figvrv jca, ftecemBtruEtrorD lfl0 CordN Imran ge»yncllne q! w^iiErn Cnnneig ntqf rKa 
of Nnnian time, Aerufkirii h? a^e indTcitntd q&ovtf. T}ie ^t^eoi^yn- 

cCmr h filkd J^gdy wprfi votcaniE dvpofiti and graywoef^ dmttv^d from riiandt I hot 
lonk bene^i+i ‘ihe Pacific Ocean. Thn mlogtfotyncFFrfe wot fKe dapoii rpona F ilte of limoitontf 
and dtlrilal tedim^im eradHi from tho OD?itrnanlol ngion to tlrt eon. (Affor Eardloy, 
If47, i. yvL 55* p, 342* Eg. f.) 

the Cambrian Period, mudi of the dcirital salimcnl now constituting the 
stratified rocks of the continenb origimiticd m or adjacent to geosynclines^ 
These sediments cannot be inkqjrcted completely unless thdr origin is un* 
detstood. Manv times the gcosynclincs or parts ol them also acted as great 
sediment traps lying between flie sedimentary sources and the continental 
platfonm, Tlic natme, form, 3tid tectome activity of the getmudiues exer¬ 
cised j tlf^minatrirg contiol over the kiiid^ qunniity. and distribution of dc^ 
trital sedimetits tJiat readied the plalforius. If the gw:hy^cliniC 3 wttc de¬ 
pressed* all coarse materiul may have lodged within tiicm. If they were Ellcd* 
s^idespread distribution of sands and silts w’at pombic. Conscqiicntly the 
cliaiacters of sediments on the cantmentnJ platforms amt in ttie arntmcntal 
basins refltxt twdh hical and gecMynclinai activity. 







'rECTONTGS 


37 s 

AllLoiigb geosynclines undoubtedly arc real, thej* are not wd! enougk utj- 
dmttwd to petmil the fmmiiig of a definition iatisfiictoi)- to all geologtstaH 
Tlierefatt iLt geosyticline renmins a concept who*ie essentiaJ features ^rt 
not agreed npntL GeosvTiclint^ Qiiglil be bettef undcKtood if it were 
5ib)t to TccogoisK and stndj present-day esamples. Unfortiimtdy a geo- 
s>Ticlmc docs not seem to be idci4ti£able mth certainty until it has reached 
its final orogcnic stage, Thick successions of sediments of geomidinal mag:- 
□itndc anc acctunnlating now in some regions, as along the Ajiierican Culf 
aiflsi {see Figure 10^}, bid mostly tkei appear to lack some of the essentials. 
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Fiei^re 103. CnjH s«cf(on iliowmg ihe pr«mrTtE<l form of pDEi^r«ffKflciui uedim»nr» Sn 
^her Guff tBcm Suythwsfd dlfn jedinHiirciry rtiidcuikng linv* hK*r» iHJQbfriJiiid 

by drilling, bur dtrhiili. beneath Guif of or^ loEg^ly conj^luxol. CAftOf Sfonn^ 

1945, Buff. Am. Aitac. F*troh\jm yof, 2% p. 1339^ 0.) 

ITie Gulf coast lacks an adjacent higbhud auca or island arc. Perhaps tlie 
IndoCangctic alluvial pbin at the font of tlie [Jinjalayas is an example of a 
niodcm geosyncLinc. If tlie continents v^ cie not now so abnormally bigli and 
if this region were Sooded by tlicsea, it niight stem umre typical. Mesopo 
tamui and the Persian Cult p^u^'idc another possible exam pie {see Fignres 
UM and 105). Perliaps the btrrt of all is tlic InvvJaud anti sballow-water brff 
mirtii of the volcanic mountains of Sirmatia and ]ava f/^me 6^ seep 259). 
A rather dost panilld might be drawn between tliii region and the Ap- 
pabcluan gcosyndme. the possible similarities are significant, the rcla 
Lions of gcosyncliijCB to tectogencs or comprablc stniciiire^ are c|uitc dih 
feient from those that have Isccu suggested. FmalJyp Uie possibility should 
not be neglected tlist gcosynclities aie not all the same and tlial similai 
stiiicfuml and rtratigraphic silualionj du not surely indicate exactly similai 
origins and devclnpmcnL 
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Tlie stialigrapliy of geosyjuJiml xcgions is imiisiialh difficult to stod}-^ 
Tlie iediuientary succomou is very thick aiid comuioiily jujpartunL parts of 
it are fiionotoaDuily ^irnibr. Prafoiuid Jatetal diangcs in litholagy and 
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Grn<tQli£»d rtmp iliowhg tH# moln geol-^^lc iftfirfurat 
of iHb P^rttan Gijll Tht oil prody^sd het£ co^ei hum ih^ 

tran^HIOflol zon* boiwMt thA old and 1 ti 4 lOdlmentary 

plafformh CAftvr ElOw, BuIJ. Ajtt Aaa^ Perra^iirfT Omot., wL 4T. 
p. 54 ^ fig. 
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Figufc IW GwJly cron wtion oF the Pe/tkjn Gulf ragion 

whkh dost nal show poP>Plioc4n« fDldJng, Siat« CrvJCHEaui pfMtf Hie Iraugh oF thickixt 
i«dlmenlciry ocnimukiHoPi opptori fo hci^* tnigfaM gnodualJy lOLiHiweilwortl. i:MadtfiBd 
fnim UtWj, I957i A(^. AniPC. Pofro/eum G»J.^ vpl 4l(i p. iSS, fig. 34 
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city of fossilk iu some parts ire lilieb to cantiibutt to iinmtaiii comlitiotis. 
Sbticturc ii couipfcx and iirvolvies iKith folding and cxtcosii'c oi’trtthnuitiiig. 
Mctamorphisni imj be stfvere and add a furtkr obstiicle in the deepJf 
eroded cuntml parts of geosvn dines. -\] together g^iosyndinal stratignipli) 
provides a rigorous test of the abilities of t!ic most minpetnit geologist. 


Conti nen tell Plotfarms 

niose portions of the continents that lie t>ctwten or beyond the gecfsyii- 
clincs are the continental platfomis. Division het^ten these hsio types of dif* 
fcrontly cliaractcfizcd tectonic regions, hiwever, n npt immn tabic Ceosyn- 
clino Iias'C a span of active esistencc—they oripiattr, develop, and (."jtpirc. 



r-H*I^TviL}^£ J-ILLINJJIS BiwER 

A-4BL3lRariOACK O-fiLACH. HPLL5 CJT¥ r« 

B-M*Si4ViH-£ a-5*LIP^A | r^XL^VvAflt 17-WflND fliVEB 

C-LExmOTCVN OA^iNS fi^WlLLiSTDN JUAM IB SCQ HMH 

D-0;ARIV i-APPALACHIAN T-pqXrfOER HrVEft 1 J-I_AC K HESA 

E-LLANO S'fcilCHIGAM S-D£NV£R U-wMTil 


FtffUfB lOd. Wrp blowing lh* ma]iH titgcturok irfie UnJt«d Slate-k Airh^s 

OFf ihqrwp m 4 ^d WiKrol platfann rqgiCHi lN«tf rkafnei ofo nd imiiCOlQd. The 

iNgcfgms vOFfodUy aT difforeitf Md^T ?t iHom d Itm cBnIrol plnlform 

fegiofl OTE dI Porno^ipic QrgSj and Ihi we&nfrrm onm beiDseith poii^Fso^oic^ 

I«dhnen4^. Tha Black HSlk (iom« <Ij)* ^Ib KarhfilU uplift and ih^ B«*f ho*lrt 

fZ-L y^TungDi' and arb re la led fa Rocky Mou nts stn^dcire^. The weileffl bmim 
qf« yaufiger and nncntlv ihey are margined by uplJft& i^iT or* TnaynicijnDt/l at pritieqti 
iCornpiSid from vnriaua lourcftt Mi eluding 1944, tna^ 0 / ih* t/nrfed Sfafej.} 
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Dmsions of ^ cnnticieuL tlierefore, at diffcrenf times liive not been the 
same, Precambrian geosynclines laEi their sxmitsc, tectonic [jattems chao^ed, 
and tbeie old mobde ?onc5 hecatnc stabilized and have iince bofiaved m 
parts of a slabk continental platform. Tlie Appalachian g^ynclme had a 
^irnibr bnt later histDrjr. U now is appartmtiv part of a stable platform re¬ 
gion. New geosj iidines may follow old geosynclinal fiends nr diverge widely 
frmn them, Geo^jnclities and platiorms, thcrefon:, mtist lie dated. Divisions 
of the modsrm continents* liowevcfr generally an: not cla^^ificd in accardancc 
with present tectonic activity bat with reference to the rocks and strEichircs 
now- occiimiigat the surfiice. Thus Ihc divisions that are recognized through- 
dill much of central and eastern ^Jurtli America arc Pajeozok- divisEous- 

Tlic contTneisL!| plalfomis arc not bomogeiicons TCgiCFn$_ Although Uie^' 
possess far greater $b4bilitv than dn geawndincs, they m not irniformly 
stable. On the basis of mote or lesA local tectonic activity that finds tTspres- 
Sion ifi the dei'dopnicnt of hasinjii, acches^ and large domeSp or the lack of it, 
they niav be separated into stable and unstable platform areas jsce Figure 
106 ]. 

Stdbk Platform Areas 

The Canadian shield in North .America and soinew^hat conipafahle ttgiom 
m other continenb ccuntoQtJly Uuve been looked upnii as stable nuclei th^t 
remained rrachangcd thrmighout very long ages of gcologir historj' They are 
the great rc-giona iif Ftecarnbrijiii rocks^ and the opinion has been widely held 
that they have never been submerged beneath tlie sea or covered by younger 
stmta. Ric complex Pcecambriai] structures arc ample cwidcrujc that these 
regions have had a long itud varied tettonic luslon and suffcad deep ero¬ 
sion. Mam difficultiei and uncoiaiuties of emrelatiorii bnwcvei, make Qie 
reading of their records ni:atly impossildc except in hfoadcst outline. 

Except dong ita i ms them limder, much of the Canadian shield is pmrlv 
known or on explored geologicallv but, for intorm arion is avaikblt, it 
has been a retahvely stable region since the begin rung of Paleozoic time. Its 
surface^ which b. generally considered to be a btc Prccamhnan pciitplanc 
little altered by sntasequent erosioiu fiscs al a gentle donic of v^t dimcn- 
&ions mdented by the sag of Hudson Buy. So fat as knowledge goes^ this 
surface has Jiot liccn W'arpcd into depres^ioav or devations conipaiahk to the 
basins and in:hc$ that tluiTacterize tlie Palr^iiok terrain of the central and 
easterm United States but it lias iint sunived half a billion years totally rni- 
changed. Faulting has ptoduted some long stsurps, bcanrifully shown in 
□cnal photrsgraplsx. Ako a few reumarits of fossitiferons Paleozoic rocks arc 
preserved well in from the present maigin in dowufouJted blocks. The latter 
ar^r cv'idcnce of nianne subniergeiicc that may have exteuded ova the 
whole sihiehL Perhaps a tompnitivdy thiu cover, umv stripped away hy cn>- 
sioiu w'as au importiint factor in the pLe&arvation of the penepLmc. Suhniet- 
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gencc in itself docs Wit imply iustabilSty, however, because sea levd im- 
doubtedly lias fluctuated to some detent eustatically Moderate clcvjtion and 
depiessioii of tlie shield as well as same gentle watping probably also bas 
occuned, 

Unff/iib/tt Pltit^oTTH x‘^eds 

ITiis Precanibrian smface dips beneath younger strata southward and west- 
waid and within a comparatisTly short distance Tenches deptlis raicly at¬ 
tained in drilling. In many aceis the position of the Freeaiiihrbn surface ts 
Uncertain and vcrt' little is kimwu about the details of its coniigQixition. 
Broad structures in Paleozoic strata dcmtiiistrate, however, tlial this surface 
has been strtiiigiy wueped. In the Michigan basin, for csciitiple, it subsided 
nearly I ?,00() fc«h as sJiovm by Figure 1 f/7- lliis and shnilat warpmg in other 
basins was accuraplisbed slowly during almost the entire PaJcozoic Era. It 
was aceompiiiicd bv the dcptiSitiou of a coiupanibly thick and dominantly 
jnatine stratigraphic section. 'Hiese movements ended at ttr shortly after the 
close oi the Paleozoic Eni and the region proliahly was pcncpkncd by mid- 
Cretaceous time. At about the beginning of the \1sozoic Era, tlicrcbjte, the 
tectonic mbireof the region was completely altered. An unstable portion of 
the ccntiiicutal platform becmic stabilized, Tt has since maintained a pttsi- 
ban above sea lev el, and tittle or no fuithcr sutisidence In the basins has ot- 

CUTTCd. 

This transfnrmatian of an unstable platfomt region to a stable one and the 
consequent enlargement of an older stable region b striking and remarkable. 
Perhaps the peripheral giowth in stability might be considered evidence 
favorable to the theory of periplicraJly growing co ii linen ts. 

An unstable platfnmi region is cbaTactcrizcd by the slow growth of large 
stniL-tuial fcatutes that ev'entiially may atbin considerable proportions, Gen- 
crtUly there appears lo he tdaliorisbip between marine submeig,eiice, sedi- 
meatfliy depoaitiim. and this fyp^ of mstabilily. Thus iLe Canadiau slJdd, 
which probably was emergent during much of the Paleo/Oic lira and did not 
support a thick sedimenfary cover, has Ijcco stable whereas llie adjoining 
region to the south, s«hnir.T^ repcatetlTy ami deeply buried, was unstable. 
Ill pD.st-Palcozoic time when the sontberu region became emergent it also 
achieved stability. 

'Hie itTuctures of an unstable platform rt^on consist of (1) arches and 
large domes tlul are commonly considered to be positive structucal areas, 
and I 2 i hashu that are negative {soc Figrro; lOfiJ. 

Arches iffld Domes 

The condition of the North .\mcrtcnn continesilal platform south of the 
Canadian shield at the beaujiiing of the Palcoznk Era is not known, A 
tiuck succession of pre-Upper Cambrian detrital strata from which no fossils 
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I&7. Sfmctural cwiliQur mop of ilia MLchiQjDiT boi'in and neighboring ofBai 
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bf dtrh. Conloun in rhe cenlraf bwisiii o™ ore boiod on bopoeb tivdn. (After Coh*e^ 
1^45, U.'S. ^ot. Oif ond Gos InYest.^ ffielim. OiotI P.J 

have bmi lectiTOred is pttaeui deep beJow llic stirfacc iti Hie MiclHgRn basin 
and in. »he nortlicni part qi the TlTinais basin. Although these strata may he 
cither earlier Cambrian or laic Pnxambrian, they an: e^'idence llial at least 
OiiE sedimciitary basin existed at that rime. Jtjt extent and the nature and 
position nf ih boniidancs have not been detcmiiiied but mie of tljciii probr 
ably was a ndge that extended along its western side xonthward from Wis- 
eoiisjn to the Ozark area. 
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The Ozark and AdinDnebct doittfs ^itd the Llano Ttgion of ccnttal Tc^ 
may be mhmtanccs from Fretzanibfmn structure, TTicy generaTh' have been 
refemd to as positive areas although their principal role resistance to sub¬ 
sidence. WTiile neighboriog areus sank iictemuttently, they spproximatdy 
mjuntnined tlieiT ongJiial positious and hi this lespect closely roscmble the 
Caiuidlati shield. 

ft is riut kiKiA li whether the arches now dividing the unstabk pbtforni 
tegipn into q number of large basins cnrfcspond to Precainbrian structural 
trends. Perhaps they do not because littk evidence of warping aJotig their 
aices has been rceogni^cd m early Pakn^rok strahi wbereas movement be¬ 
came progressively mfire important later. .\t the begiiimiig of the Paleozoic 
Era tlie plalfurm may have been relatively featureless. I’o the east* w'cst and 
possibly south, however, it dipped giadnaslK' beneath dei eloping geosyu- 
cline^, 

From late Cambrian time to tlic tnd of tlm Paleozoic Ein, the unstable 
portion of tlie platform was allernately shallowh submerged and slightly 
emeEgenL Sedimenh cjf uiauy kinds accUTutdated an it. If experiented pro¬ 
gressive subsidence as ii whole but the by sms sank most deeply. Ill us the 
;iitlies are not actually positive in the sense that they were elevated. Tliey 
arc onl} lesi5 negative than tlie basins 

Tlic temfc gamfithup was introduced originally as tlie antlLliesis of geasyn- 
dine- It bus been used e3densively for aidies like llie huge broad Cinciiinati 
antidine. It has also bccti applied to r?neh thcofetical sliuduies a$ an tip 
arched bfirdeiland or 3 geoss iiclinal wdt supposedly separating a mrogeosyn- 
cfiiic From a eugcf^s>iidiiic On rbe w hole this word has been employed so 
indiscriiiiinatcly that it has no specific useful meaning. 

Bdsim 

Large iTa.sitis aie the idetitifying features of an nnstjihle coutinenta] plat' 
foTm region. Hiev- arc evidence of imputniit localized ineciualities of sub^id* 
enct in a gciimUy juuhsEcling regiait. Such subsidence w-as maiuLiiiicd for 
long periods of Hmcand prob:tb!y was atcumpanied by the dii'plactrnieiif of 
large volumes of material in the nnclcrlyiirg mijt. Tlie Michigan haijin, for 
example, indicates displacement of this kind in the order of about 60,000 
rabic miles. If evenly ,ipp<jrti(Tucd fhrougliout the PaleoKotc Era* this 
ainoimt!i to about a million Cubic vardE ficr year. Displacernerii of this mag- 
nilude is very great but it js relatively mmor in compaiison with gcosjnclines, 
wiierCt in an equivakiit segment, prtibahly five to ten times os much sub- 
sickuce and cUspLicement occurred. 

General pLintlleljEni in the hiEturies ul the PalcozDic tltLS^ab1c platforui in 
the cctittgl and eastern United States and the .Appalachian gcwyticline indi¬ 
cates that they were closely bound by some relationship. If isost^tie etjuihh- 
rmni was approximately maintained, material displac^ from beneath the 
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basiiu did cot simply flmv to the 3 tqs of the because these were sob- 

jJding also. The concinnon seems inescapable that, if transfer by deep fiovs-' 
age did occur, it extended outisoid toward the zone sphere upnvard move^ 
ment. ^'hctlicr tliis was upbouiiie of a liardcrLuid or ttic rise of lava in a 
cugeotv-ntline, raised sedimenbproducing uplands. The diSetential fuices 
acting on stable and imstablc regions, areas, and zones Tnay liaie been 
reiativety small. Sedimentaiy toading of the submerged (lortiou of the plat- 
hinn may luivc accentmttod suhtideEux and expedited outward flowage 
til ere. Perhaps this tt>as all that was required to uiaiiitaii] the process, which 
did not occur in the ecncrally emergent region of the shield, where siiTiibr 
sediinentarj' loading was not effective. Sucli an t-vpianatitwi. hoiveset, diilcj 
not account for tlic origin and eontiimance of suhsidjciice in individual ba¬ 
sins. 

If the Paleozuic basins w'cre not filled with sedimeith Uidr topographic 
form would rival tlial of ttiany oceanic basins behind island arcs and many 
motmtain-Tmuned tenestrial hasms. Comparison, bfwcvcr, is not exact be¬ 
cause the origins of these basins probably were very different. T he PalcoHiic 
platform basins perhaps never would have subsided greatly if Lire subterrn- 
tican forces acting on lliem had not been supplemented by the weigld of 
sediments accumulating in them, If this is true. Uic wntcr in the basitis never 
could have been deep and siidi a cuiidtntan sccmi to be substantuilcd by 
tlic nature of tlse rocks and fossils fliey cantaiti. 

Stratigraphic secltatis show that the growth of basins was not uniform. 
At some times they sank and filled with sediment more rapidly tlian at nth* 
05 fscc Figure I8ff, p. 44)0 -Mso subsidence tjiay have ceased oilitelv dur¬ 
ing iom c intenals of time and the basi ns were temporarily stabilLied, 

Tlic structural history of a h-isin is recorded by the strata that it eiuilaius. 
A stniettnaJ contour map of any liorizoii approsiniattug a jtratigTaphie time 
plant is a reasonably close repnaeutatkm of the anioimt of subsidence tlmt 
ha-i occurred since tlie underlying: straluiu was depndted. This is not exact 
htxaiijic tbc coiitouied horizon was nut originally iitinzontal. The deposi- 
tiunal sTirfuce conespondiug to a time plane lay at different elevations be¬ 
neath diffierenl depths of water, but a discrepancy of this kind, ordinarilv 
amriimting to no more than a few hiindrctl feet lu 3 basin 20n nido or nime 
in diamrdcr. introduces an error that is negligible for all practical ptirposta. 
FtiTtliLT Cnor results because sedimenh later were cniiipactcd Irencalh tlu: 
weight of ovtiburdoi, but in inost large areas such errori probably are not 
great. 

Ill a similar way an isopach map sbosvs, witJi the same types of error, htnv 
much subsidence occuned within the rime limits rcpicrented hv the strata 
from the hose of the measured unit to the base uf tfic overlying one. Sim¬ 
ilar errors apply to each isopadhed stratigraphic iriterval. Eiioix Tcsulliug from 
the rion-liorizontality of straU iv originally deposited mostly cancel each 
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otliCf and ztt not cumiilativti. Those intToducwi by compaction, howFvier, ac- 
eiraiTbtt and if thick stratigTaphic sections are mv'olvcd they may betxjme 
sppFCtriable- The mfoimation tuniished by isopachs does not indicate ex- 
atdy when the sub^kleace occnntd- tf die isopached shahgraphic intcival is 
large, representing perhaps ime or more geologic ij'stcms, it may be desimble 
to date tJic subsidence inme closely if that is possible. In ihh connection 
three, diferent types of stnictnral it- 
btiems TC^piiic consideration (seeFig- 
uie 108 ): 

1, Subsidence occurred before dqp- 
osition of the isopaclied strabin In 
tlih case the stiab were deposited m 
a dcpressicin and they shnuM ovxrrstcp 
each other and mch sSTaHgnplnc stib- 
di’^ision shonld extend fartlier out¬ 
ward toward the basin margins. 

2. Siib^idencc occurred concuf- 

renlly wjlh depositiou of the iso- 
paclicd In this case there 

would he no osctstcppuig and all 
stratigraphic subdivisionsi: W'ould thin 
systeionticaUy toward the maigins of 
the basin, 

1. Subsidence occinrcd after depo¬ 
sition of the isopacbed strata but lie- 
foTc deposition of the overlying imit. 

In tills case stratigraphic iiibdivisiuti^ 
w fluid neitliCT overrtep rmr thin, emt- 
ward in tlie basin, llicy would 4ll rise 
miifomdy toward the basin nuatgins 
and be cut off above by an uiicon- 
fonnity at the base of the overlying 
uniL 

In an actml situiition any one, two, 

01 all three of tliese TektiDiisliips 
might occur in different snhdiviiions of the isopdcbed imiL Aim the tela Hans 
might be disihnilEn cm diffeient sides of tlie same basin. In luhsutface studies 
die assessment of thc^ posnbilitjes h likely tn be difficult and nnccrtajiip 
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No sharp structuml demarcatiim can be made between basins and the 
arctics that bound and separate them. Insobr, howc^^cr^ as these Jtructnxcs 
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reflected bv topcgifSLptiic iiicqLi^ilitTCs at any tune, they may have in- 
flueitced contempoiaiy deposition. Thus if the aicbes or domes msc above 
the level of the liosiris, they may have formed islands in a sliallow E^en 
if they' did not project above iea Jevd^ diSerencej in v--^icw dcplb might 
affect the type of sediment that accuiiinlated, 

Tlie oceans of today do nof provide many parallels to conditiofis av they- 
existed in niost of the epicontmcntal seas that flooded Noith America. Hud¬ 
son Bay and the Bajtic Sea are the only water bodies dosety comparable to 
these ancient moit or less landlocked seas. Most parts iif the present conti- 
noTtal shelf aie subject to tides, cuneuts, iuid grtat storms of the open ocean 
that certainly affect tiie tramporUtion and ^deposition of sedimeut. "llic sm- 
cient epiconLaientaJ seas generalH were more placid tli^n present <jpeii 
coasts and this should make the inlerpretatioh ol that itiorc uniform sedi¬ 
ments tnuch ca.ritr. 

Hie identification of various types of deposition^] envirunments, as tliese 
are ^nd]ca^ed by sediments and fossils, lias been discussed in previous diap- 
tei^. Mostly the effects of local ciivifonment^ such as those determined 
dqjth qf water ^ud distance Etoin the short have been empluisized. lliese 
arc the types of environments whose variations commonly wc^e related to 
local Icctunic activity exprewed most cltarK m the subsidence of geosyn- 
drntsi and platform basms and irt rnDuc general gentle tilting of the pbtfom. 

In much work devoted to sednnciitary^ factes analysis, this facet of inferpta 
tation, and prttcuJatly the influence of local tectonic lendeiKies, appears to 
be overemphasized, h'or example, it has been held that grayuiickc is <har- 
acleristic of geosynclines, subgiaywacke of hariiis itemufd imstable shelf 
^reas). and limestone of arches (considered viable uresis). The implication 
likew™ seems to be tliat these iedimenfary types do not wtiir in other situa¬ 
tions. llitse geuernlrzatiuiis ait not entirely justified. 

OhviouslVp no ^dimait can be dqwsited anyw here unless sediment is pro¬ 
vided. The occurrence of limestone indicates lhat detrital sediment uot 
abundant and that liine-secieting org^inistJis woe fairlv pleutifn], Lmiestone 
can form in shallow moderately warm s(^ wlicrever IJieae coiiditiom pre¬ 
vail. L rmestone could be and was dqictsiled in gcusynclinei, where it ii::x:ords 
an errvirunment of thb kind. Limestoue constitutenmch of the vlratigmphie 
sechon in the Paleozoic basins. At some times of limestone and other non- 
dctiital dcposjtiofi the hushis were Ui tectonkally activie is tliey were when 
dctrital material accumulated in them. Tlie Michigan bosm during late 
Silufinn lime is an outstandiug example tsee Figure itiin, p 4861. 

Relit ELig sediments to the lool tectonic envimninent catj fumuJj no more 
than lialE of the exptauation for their occurrait'c and it tua\ be ihc \m im 
pOTtant half, llic same secliiutut 3ctna]ly is related whliin a raudi larger 
ftume of trferaicc wteaidiiigall the way back hi ih source wherever that may 
liuvc been, Its cfLarairters and {Jhlributiniii also hmibh information legordin^ 
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^hc larger tectonic fratinxs of rht ccwitmenL Mtitcm tf. cli^iractm snd distri¬ 
bution are the only rcmainmgTtcotd of sudi feaiiues. If geologic histor>' is to 
be recoiistiucted with any degree of coinpIetaiesS:. tliis iispcct of scdiincncaiy 
interpretatioo caimot be neglected. 

Foi CTtHmpIc, much of tLe Paleozoic detritaT sedimtnt deposited within 
what now flic eastern tiaU of the United States originiited in a high¬ 
land idfacent to^ or islands riving in, the Appalachiim geosjTicline and its pos¬ 
sible extension as the Oiiochita geosyiicline to the southwest. During mueb 
of early and middle PolcosoOit time most of the detrital materia] accuran- 
bted Ill the geosjnclincs. Little was carried far imvard and distiibated over 
Qie interior platform legion. TEte geo-vviicliiie acted as an efficient sedniieiit 
trap and Innestoiie oi dolomite ilianiclerizes the mterioi. Where these strata 
arc intcmrpicd by detrital serdiments. the latter consist mostly of material 
carried sontlnvard from the Canadian shield. At a fqw times, Jiowever, the 
geosynclinra soh^iided less rapidly than the) filled. ITieir effectiveness 
as traps then decreased, and fine detotus wns tcansported across them in 
suspension lo settle on the platform lis esteusive formations like the Ma- 
quoketa Sy Ivan Sho 1 c i O rd. j. 

Irj the ktter half of the LlevoiiiaD Period eondibons began lo change. 1lit 
.Appakchian gc«s\TieIine sant mnre »t1uw]i and Uie boidciknd probably 
grew in sizie. The tmngli was conipJctdy fiifod. Detritnl sediment (>uil! the 
Catskill deUa out tmto ^nd over the edge of the continental platfoniL Dnt- 
ing the Mississippian* fllUng of the trough catitiimjtd. eiteiidnig vauthw-ard^ 
and detrital material reached farther acims lire pklfomr. Al the beginmng 
of fhe Peimsylvanum Peiiod no npcu trougli remained Some subsiiienec 
enntmued but it did not keep pace with deposition of greater quantities of 
sediment derived Fnam a larger and more extensive borderland. Most of the 
cnntuiental pktfonri itcuth of CaruMia al least was bbnketed ivith sandy md 
silty siodiment different farm any Lliat had reached thL^ region preaiioiLsIy* 
Tile gi 3 os>-ncline tiad nearly completed its tectonic evolution. 71ic final jtage 
of its Jiiston' is somewhat doohtfuJ because no .Tdequate sedimentary record 
has been presmed. 
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Submarinr topography m revealed by mcmdiiigs bi sketched in comiderabk 
d^iid, 

C.. Tharp, M., and Eviiug^ M W* (1959), The flono of the oceans. 
I: The North Atlantic, Geol Soc. Anier., SpML Pj;per 65^ 
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Thk rrport b a fkffiiptivt iccoiint Id aoccrmpiniy the ph\£k?gr.i|ihic dia^ 
gram of the NdtUi Atitiritic, ^hecl J. 

IluwcU, B- It. (Introductaaii to gtxiphi'sic^ Nenv Yoikp MLCinw-tlitL 
See pgrticuhily Chjptm 4, GeocJiiTOiiology; i 5, JsQstasy-, 1 "r Oi Jgin oi con* 
tnittifs: and 21, Cause af inountaui trajldnig. 
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"Ihe jimny typc% vt sO'Called ijeoavncHues iKjcuirtng in Narili Ain^rka sic 
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King, B. (19-H)p Tectonic map of the United States, prepared iindct llic 
direction of the Committee on 'Icctonies, Division ot Geology- and Geography. 
Nationa] Rcscarcti CcamciL material compiled by committee members* C, R. 
Long^vdf. cltfliimmi* arranged far pnntuig by P^ B. King, Tid^sax Am, Assoc, 
Petolcum CcoL; scale 1:2.500.000,2 sheets in color. 

King, P, B, (1953) Tfic tcclomct of TraidcUc Norfh ArMiicct, Princeton UoiY. 
Press, 

This is tt ocmdenscd bur compiichcmivc dacriptinii of stnictum eail of the 
Rodey Mmmtnuis, 

King. P. B. (1959), 'fhe cvt]IutiDii of Nortb Anienca, Princetaii Univ Press. 
'[Tiis book disciHSCi stmclnre willi special refer mere to theories af conti¬ 
nental growth, 

Kiienen. P, I L {1^50), Motim gtfology.NcwYotV, Wdev , 

Sobmariiie canyons arc tksoribed and their croaion ij attributed to tnrlHdiU’ 
currents hi Chapter 7, pp, 430-526. 

Longwidl, C R {1^23}, Kohet's tlieory of orogeny, BuSl. GccL Soc. vd. 

H.pp.2?J-2-4i, 

A theory' of urogens based mainly on the farm and continuity of moimliims 
In tbe Mediterranean icgsQn is cEplainefL 

Rcitjin, P. {1959), Hypothesis accounting for a two-phase arogenic cycle, 
J ^nol, 67, pp. 12^B4. 

Alternate tension and compression lit gcos}'nc]ines result from JO'crstil of 
niovemcnt in convection cells. 

Rich. 1,1. [1991 h Origin of ctraTipres5it™l Tnauiitains and aisociated phtriiom^ 
caa, Ruif Geol-Soc. Ajiktt,, vnL 62, pp, 1179-1222, 

A theory fdating geoayncliires to the devdepment of great magma blisters 
b picscnled- 

Scheidegger, A, E- (1953). PriiK^filn of grcdymimki^ Berlin. Springnr. 

Cliflpleirs 7 and 6, pp. lH-220^ anaU'TC niaUiciuatkally the pUt^tical impli- 
{uHtmti of tlieorics explaining the fotmatian uf contineiits and inountaim. 
Ail theories appear to ik inadequate, 

Sclnicliertp Cliarlej (1921), Sites and nature of the Nortli American gctmu- 
dincs, BuW. CeoJ. Soo. Amer., iml, H* pp, 1 51-2 ID, 

'llic rtlutioua of boidcrlonds aiid gCDSvnciincs are described: inclutled is an 
atlas of 17 palcogeogTaphfc maps. 

Sitter* L U, dc (19561 ^ Structurdgi£o!o^\ New Yark, McCiiiw-llill. 

Part >p pp. 529—51B, is demoted to descriptive and theumtical cem^idexarion 
of geotcctonia. 

Umli^vc^ J, H+ F, {1947b puh^ of tha tfdrih, Ind cd,, Ttie Hagnc^ Mm- 
tinm Nijhpff. 
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ChuptcTi I tin S. pp. Z6'256p pn^hlCTis and theories cif «snth stnjc- 

tnrc. 

Wccfo, L. G- Factijr^ of sedimentary basin dci^elopment that cirntml 

oQ liccurmicc^ Bui/, Arn, As^. P^tmLeum vol, >6, |>p. 2071-2124. 

Thf^ artifik autiiiiuinzcs m a broad way the and presimned drvel'- 

□pmant uf gecnyndincs und brge bauim. 

Weeks. L G. jj Geologic arcliitectiiJi; of dmnn-Paeifit:* Amer^ Awe. 

Petrol. GeoL vol. 41, pp. JSO-ISO. 

^Fhii article traces ei'nliition of geosynclSncs with e^irplca in variutbi sbigti 
of den^dopment dnnv'ii fram tlie Pacific borders. 

Wflion, J. (19^4). Tlic devdoptiictit and itmeinn; id tEie emst., in The €i^ih 
m piiinsi, C, P, Kniper (ed.) p Utii%\ of Chicago Press, pp. 1 

A Ititid account is given of the tlicory ikat contineriU Jiave grimii by the 
aceretiou of periphcKil arennte moimbiiiiS. 

Woodwards IL P* (19 57)^ Cfirono]d§;%'of Appabcbiiixi folding, BuiJ. x4(n. Aisoe. 
P^trofewni C«o/„ vol.41. pp. 2111-1^27. 
rom episfidcs of aiomilam building fire distinguisllcd: Prccarnbrian^ pn> 
Silunan tTaconianJ. Dc\™ian iAcadian), und terminal Palecfflok j’AI- 
Icghciiiaj] 
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Interpretation of Sedimentary 

Rocks 


q! tlie origin OTd liislorj' oi u sedimentary' rock is dependent 
iTptm the catcfxiJ assessment of 3]] its phj-sicfll and bioTogic chaiitters eon- 
sidcriafwithii] the tectonic ^nd local cnviiommeiital framavork of its time. 


THE SEDIMENTARY CYCLE 

Moift sediinentH Ira'p'C been ptntlueed by the wtathcnng and erosion of 
ignwnis toclcs. ITic eoiutitucii Is of some scdimentaiy rocks ^vere derhTd di¬ 
rectly frani igncoii5 rucks and have passed through only one eyeic of weather¬ 
ing, mKion. transportatiaii, depositiuii, and diagencsis. Nbny^ however, 
contain material derh'cd from older sedimentary rocks which has 
throueh two tn more such cycles, 'riie older sedinTctitary rocks may nt may 
not have betn altered impoTtantly hy meUrnoTphism (sec Figure 109 ) * 

During its passage from igncciiis to present ^edimcntaiy nrck, mineral mat¬ 
ter has bran subfccted to the action of a successinri of different processes one 
or more Lunes. These be grouped into font stages an follows: 

L Destnictinn 

(t. Meehankcal dEEintcgration. TTiIs pioduccd mulligranular fraguicnts of the 
parent rock and discrete mineral giraim. mostly r|iiartz and fcldipEin 
6. Chctiucal wcathianig- This resulted m the partial OrcuTiipIctc deenmposi^ 

=^9 
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tKm of the \c$s ftuble of the parent rode and the dc^dopment of 

alterntiQn prixJacts, of wbiefa the ctay miiicnih most irnpottajit. 
c. Solution, lliis renioTfxl some of ongimil constthients of the parent 
tack Qjid some ol the dtrmtum products tr^ting ftom ekemico] c^orq- 
posiiioti. 



fjgurv 109 , Ths pendogic tytia diwln^ iha riktHcnn of oJI rodfi, tKi mcri«rldi qI 
■which th*y &ra cxnpmmL oJid Iheir c(Brwtlv«i. (Sug^Afted hv “ThA geochftnued 
Mo>cm, T95< Tha saifh m q pistpeK pw 796^ fig, lA 


2. Tntnfpoitntirni 

d. DismtegiHtcd and wcailiettd omtcrbl Emd dissoked iub^tanef:s were re- 
nioveii from the iite of the p»ien1 rock Jiid cmied to the site ol dep- 
osilkm. During tmisporntdoti solid, tnatemi initered male or le^ me- 
rhaniral weit, cmslable nimcrah were further dectmip^scd, aod soluble 
lubstiruxs passed into selutbiL 
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>, Drpa^tioii 

MccJumicnJly ^taportied fnattrb] fiiiilly settled and itxiiamed in pUcc 
2itd diswK^ milted wd 3 1:^1 f>v^ Frinn to pioduct lednueiitan* 

deposit^. 

4 . Rc?curiitiii£±iDti 

f, Caitipciiou. Aj new ledimtnt wan departed upoii old, compacHcm le- 
suUed, voliiine and potosili' were reduced, and depsitj' wai mercased. 

g. CeiTfiPitubnii. Sedimentary particles were bouiid togetlict In Oie deposi¬ 
tion of eementing maimaJ of dr her indigenous ox foreigu origin. 

ft. Recryftdilkstion. Tim involved such mineralagk changes as the altciation 
of ar^onirc la edeite, the gfowdk of some crystal gniiiis at the expense oi 
othen^ jnd some cbcniica.1 rearrangements that prod need new' mioerak- 

j. KepkeernenL The tiaDsfer and subshtotacm of one niineral or Enin oral 
eapititiJcnt for another involved cithei iJic rearrangement of indigenom 
material or the introdiictiDn of cmfi substance and the icmcwd of another. 
Repbeement ordiTurdy has lesuUed in volume ferr volume exchange as in 
the lunnatioti of man^ chert nodules and the silidfiratioo of itmih. A re- 
litcd but somevihat dificrent pmasj raultcd in gmdual chemical and 
raineraUigJc change as iti the substitution £i.f mugnesnini fur aildiiiTi in 
progressive dolumittzation. 

Mcftt sedimentary cocks arc complex accumulations of materials derived 
ficuti One or incue toniccs and altered &om the original tnatenals of the par¬ 
ent rncts, \Um of tUcJii coiitarn orpujc matter ui addition to their niiiietal 
oaiLstituentSf and this is not accouJited for in the preceding outline. Gener¬ 
ally the locnlinm of the source areas and the mime of tlie parent rocki^ are 
iniperfectly known. Except for deposits of rtiosl: ieccu( oiigiti, ilie srmme 
areas and parent rocks huv-e been destroyed or arc buried 50 tliat they arc opI 
avaiJjibte for cibservation. With few exceptions, therefore, the sedimentary 
FQcb and then enclosed Fossils constitute the only evidence recDiding past 
geologic and geographic condition and past physiographic: procases. Only 
by observing the present rocks and iheii OTgaiiic remains and attempting to 
trace each itKrk buckv^ard thtinigh its history^ and by mecc^maing and cvHliiat 
ing the i&ucccssive diang^ tliat have been effected is it possiUJe lo recon¬ 
struct the gcohigic i>ast. 

With the forgoing processes in mind, every sedimenlary' rack siionld be 
examined frenn I he standpoint of the following questions: 

L WTiflt was the natisic of the scdinient before diageuesk? 

2 , ^^Tiat was the enyaronment of deposition? 

I low w'as the sediment transported? 

4 . Wlicrc wav the source area? 

?. What were the topc^riiphic and chimfic diameters of the sotmcc area? 

6 * What kinds of nKk fumkhed the sedimeiits? 

A careful study of most sedimenUry^ focb will provide partial amwers to 
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these qacstioR^* Btxnuit the rocks are known but thdr ongins aro aoU their 
histories must he reconst meted hi an ordeE mTising that of theiT de¬ 

velopment. 


DIAGENESiS 

Protes!UJ 5 ekiefly Invoked m the diagenesis of sediments oi the rectmstmo 
tiun of consolid^iled rock froui its sedinientor}’ components are (1 i coni' 
paction* <21 cementation* ("?) icmstailiifaEion, and iTl replacement's 
indiciited in the pieced ing q tit line, Tltesc processes tiave been variously im¬ 
portant in the dbgcnests of differunt kinds of sodmicnt. Ordinarily tiieir le- 
Milts aj sim^u b} ccmsolidated rtieks have not greatly disguised the original 
chaTactm of the sediments. Enither metajiiorphism* however^ tan altCT sedi- 
mentuT^' mcks so pfoiomitlly that the original natirre and pres^ions histotr of 
the sediments cannot be deteinnned. If a metamorphie stage occurs m the 
lineage of a sedimentary st>ct* it getieially tonus a barrier that caniior be snr 
mounted. Cunsccjnenfly the discernible histoiy uf a sednuent may be com- 
pletely traceable to its igneous source or it may begin ai some intmnediate 
nietaniDrphjc stage. 

Sandstone 

Siindy sediiiieuts are mmpratively little alteiciil in iheir diagcnetic trans- 
format inn into mudstone, Tl^cir mill era 1 ciimposiriGti gcnctaTly is changed 
little or not at alU 'Die two processes primarily responsiblt for consEilidarion 
arc compction and cementation. 

Compaction 

Clcaii sands newly deposited in water generally liavc porosity of about 4i 
pcrceiih but n small 4Tnonnt of cosily accomplished lenxtngcnicnt^ such as 
that rcfttdtirig from the washing back and forth by warn, reduces porosity 
to about ?7 percent. In considering compaction the lughcr figure can be dis^ 
regarded because only 3 very tlim surface layer of a sedimentary’ deposit is 
Ukety to possess so much porosity, ThcTcforc. T/ percent can be a«;eptf?il as 
die approimidtc pr^rosity oi common lyjsc$ of firm ly settled liWc :^aiid anil 
the mi rial ]>OTOiity of imconipaeted sand, Ver)’ poorly ^nted nr very angukr 
sand may bcsoiTimbal ntore potuus. 

If small amounh of ^ili nr cby am prcsi-Tth the ptuDsity uuiv be Ji hltJe less 
because some of tlm imterial cm lx; iiccmmnfxlnted in the mtcrstices be¬ 
tween the $y|id grains. If tlie amotuif is appnxiable* him^cvei, pntositv h 
higher hesrause motf; adsorbed vtaHt vs held w’lthin the sediment and its den^ 
stfy ts reduced, With furtlier iticteasc of fine material, particulurly of clay 
size, tljc sediiiicDt giaduoJIy pasiscs into mml or cbv that may be compacted 
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lo produce shalt Pmbably no rock that mi^ht be identified as saTnEtone caii- 
of vliose oiigiiiijl potositv' wiis much greater thnii SU peicciit. 

Tlic fTrigitiik] porositv t^iigc of ^ndy sediments indicate tliat veev' 
sandstencj can repiescnt original deposit? uf more than h^iec llicir ptesent 
thicknesses. Compaction to this ^tent would product noupofoui citiartzite 
(see Figure UlB). Mam 5 sandstuues that have boen ttudie± uidudLug 
some sampled fiom cores hiUn at a dq^th of more than 2QM^ fett, retain 
mlergiamllar space uveragiiig about 25 
paceuL This suggests lliat compaction 
(if iand oecmcriag dining its lithifiration 
commonly h about 15 jsetceul and taieJv 
exceeds 25 percent, llicsc: vutumc rek- 
tions are important when coinpanson!i 
are made betv^wn the diagenesis of 
sand^and muds I'see Figure IIU). 

Sand subjected to press ure in laboo' 
iiiry tests shows little compaction tmder 
toads as great as SdiJU poitnds per square 
inch, ITiis conerponds m nio^t iitua- 
tions to the w^eight of moie flian a mile 
of sediiiieutary ovcrbmden. Beyond this 
pressure; CJttshing of ibe grams occuns. 

Cmilling, however, docs not appear to 
have fecn important in the aimpaction 
of most sands tones, probably because 
presjiMire resnhing from the dqjositioii of 
thickening overburden increased slowly, 

Keadiustment by solution sit grain 
boundaries and stnjctum] strengthening 
by LOnentatian produced larger aresi-S of 
grain contact and geiicmHy kept pace 
with Ichading. Suhitioii at grain bounda¬ 
ries may be indicittetl by siitnfcd contaeti 
resembling micittscopic stylolites. No 
dose rdatlanstiip exists betw^n tbc compaction uf f^aiidslQiie and load or 
dq^th of bunal a;i it does in shale. 

It IS iniportaut to recognise that intergmiiuliiT ^-<111111^ and mrt the pnim- 
iiy of saiidstoire is a meu'^urc of its compact ion. Equally compacted sand- 
stOLiQ vary greatIv in pomsity depending upon the ainoimt of cement that 
has been deposited between the ^ains. tirttrgmniilai volume is difficult to 
deinminc, how-cus, and fe«’ mea-siircmeuts of it have been made except in 
tliiii sections. iTieicfoTe littk h known about the actual Jiuouirt of compac¬ 
tion liiat fias occulted rn many saiidstoneir 




Figure MO, Dlttgranii ^ttuftTotirTS} 
ci!tienjtii 3 TT trr Ni» bm ttf o lonH body 
B^rictc^ied- muddy i^hnS'nl rmuSthTg 
cOfnpoEitiail. A, UncflmpcH^ted led^- 
mtfnrr After 5Q perceni campocfii^n 
df tha\ii find 10 c^mpadian ef 

sdddfFone. Ifi nature^ 4^ coeri^ 

pcctEon wouFd qccliii: gnaducFfy ut ifw 
depdiftiQn ot ledcm'enl prggreEsed. 
CoTltp^r* wHfi RguTB 213. p. 545, 
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Cerncn tdlion 

Thfi sand fmins of most sandstones are bouml together dtUcr by a matrii 
of clayey mineials or by iutergratnilar cement {see Pigujc lllA}. Cby if 
present is a primary constituent of the sediment althoiigii its miiieialogic 
characlei may Lave been altered by dtagenesis. Cement is dearly post-deposi- 
tjotial, hoHiicv'eT, and is es’idenct: of dthet solution along gtaiu bofindaiies 
and deposition of mmenil matter m nearby pores, or the introduction and 
deposition of minera] matter deris’Cd from some external source, oi both. 
Tlic presence of an appreciable amount of clay seems to inhibit the deposi' 
tiun of quartz cemeut particularly in die fiiier-g;raincd sandy sediments. Cal- 
cite. lims'Cver, may occur as the cement in sediments of tbi^ bind 



rrgurv Hi, TKio of Sf, Pffitf Softdiioiw tOrd.l front Si Chart** Coimry, 

Mirtauri. x55. Tha grain* in A tluiw svldonc* of Only iflght HlirUon or Ihefr Itorgnll and 
lilite fampactign hot oewrred- The;^ are eeminied by teeondory qyorti. Some cl ihesa 
gmiftf pauei* rim* multino froin teeonrfary •nlommncnl in a provipu* ledimanlary cycls. 
The ugndifgne Jn I I* «emploi«1r compacted: m ihe reiull of intHgronukir salufion. All of 
the gjojn* ihnw *utured contodi snd no cement h present. TNie ipedmen* from ih* 
wme quetnry demoncfrole that tonditone rompaefion a not necnurrll^ ca Fated Id depth 
of birflal, (Orctwn from photogroph* by Heold, A Ceof,^ wl di, p, 30. pi, 1, fig). 

C and 0.1 


Both quartz and caldtc, or dolomite, either sqjaratcly or together arc the 
cumiTiQii ccuienliiig minerals of sandstone- Other miutmls are compaiatively 
rare. If both of the common cemeDting minerals are present, quartz gciier* 
ally was the first to be deposited although rm-eise relatiuiis have been re¬ 
ported, Tlie most common relations show quartz deposited directly on delri- 
tal grains and enlarging them, witli caibonate more or las filling the re^ 
maining pore space. Some racks show evidence of parlid replacement of 
quartz by carbonate, 

TItc irtlubilitie of quartz and cakitc biu detennined by the pH valua of 
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sciuEom^, aciclihr hi'(^<rrirtg the: soltiticti of caldtr and olLiIinit)- favormg that 
flf ijiiartz. Sea water, and prcsufuiibly originai connate Let; genetalJy is nnt 
saiumtod witti calcium carbonate. Tte slight alkalinity is witliin the range 
wheresilka maybe CLither dissolved or deposited Cori<Leqtsent!y it is possible 
that pEessure ai gtaiti con taels during the earlict stages of cou^pUdation may 
lesiiil in tolution and almost immediate rtdtptJmtion of silica in nearby 
pores, Thh has heen accfmiplished in the bboTatuiy in alkaline solutions un¬ 
der the mflueoce of heat and pressuie. At thii eirly stage of diagenesis cal¬ 
cium carbonate probably remained in solution. Laler, as water was espelJed 
from adjacent shale and drained away thmugh tlie more permeable sand- 
stone, Ihe chemical qualitv of the w^tci may have changed witli the result 
iliat dtpQsrtion of qnarb; ceased and that of calcite be;^m- If this shotild be 
the proper explanation, at least part of the quarta eenieut was dem^ed ftoni 
the sediment very near the place where it now occurs. 

Calcitiin carbonate deposited witli the sand could have tieeu rauovcd hi 
soIuEon during an early stage of consolidation. If tbu occumedt the iaicr 
calcite cement is of foreign origin and may have been contriliutcd by solu¬ 
tions draining from compacting shale. The study of Kime sandstones suggcsb 
that part of thrir qitattz cement also was introdnec^L Tliis i^ piob^blc if the 
aiiiDimt of quartz cement exceeds the amount of quart? tliat was dissolvetl at 
grain Ixiundaries while compattion was in progress (see f igtnu 2”^* p, 

CementatioQ of sandstone with chalcedony or chert appears^ It* be a proc¬ 
ess occurring in the zone of weathering related to the acrirdty of mdctiric 
w^ter. This cement probably was not derived from the matemU of the orig- 
itiat sedimerit- 

Ccmcijf may be removed from sandstone by solution but silica is s'ery 
mrcly fl iniinaiffl in this way. If calcite ceuient has been reinotcd, lliere gen- 
enilly is iiotlking to indicate its forujer picscncc- Soate strata, however, that 
outcrop as friable saudstoxic cam be traced into mote or less lighlly cemented 
beds in the subsurface. Their alteration appears to have resulted frum the 
solvent action of circulating meteotie water, 

RecTysfiifliz^idnund Replacem^tit 

/Mteraiions involving reciystallizatioti or Tcpkcctnent have been utijm- 
portant in most sandstimts that liavc )iol been siibicctcd to mctamorpiusni 
b>- mtwc heat and pressure tiran ordinarily accompaiiks tliagencsis. Hie Cn- 
latgement of quartz and mine rarely Other kinds of wml grains hj llie dep- 
osibon of cement in optical continuity with cmtal grains and the develop¬ 
ment of crystal faces, ho viewer, is fairly common. This general ty bi^ms as a 
part of the cementing process, hut the crystals may continue to en™' by tc 
plflcemcnt of iiinduuding minerals. Ragged contacts also may dcs'clop as the 
rfisult of incgular ntniginal replftcemenl. This may involve eitiicr the chemi* 
caJ and minemlugic rcsreaugeniait of material present in the sediment oi 
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the introductiDD Qt new nutcriiil from some external source. Well-maTfced 
placement is mast Ukely to occui in dixty sandstones of the grawacke 

Shale 

Diagejidic changes that occm in mod, ihak, and vdatEd nocks involve 
principally i 1 i compaction and (2) minemlogic alferatian trf the clays, Both 
of tlic*c proccs.'ses nn? conditioned by lite colloidal pnrperries tiiat charac¬ 
terize sediments of tliis bind. 

CoUoidat Nature of Clery 

Most muddy sediiiiejits ate mniplo miattnres of finc-gi^mcd mitieiak 
whose composEtiiiiis van httn-cen iii'idt extremes. Besides fineness of grain 
tlieir most chaTact-oi^tic pttTpertics arc plasticity and cohesivencss:, which 
aie cloiio^ly related ttJ thdr constituent cfay minerals. These minerals com¬ 
monly occur 05 very tmy mica-likc cnstals, iioEe^vorthy bccayse ol relatively 
great 3id.^<nptive attractirig and more Or less tenaciously holding water 

and other snlrstanccs in simr)imding films. Any tediinentafy* rtiiKlme that 
includes an appreciable ^jUnintitv of clay nuneraLt possesses a krgc interna] 
surface area. Before con^Iidation it is capable of ctintainusg a mncii larger 
amount of water than ctmid he accommodated in the interstices of a coarser 
sediment (see Figure IIZ). Crmsccinently it is more porous and less dense. 

Because the adsorptive properties of clays arc influenced hv electrolytes, 
thcir tjchaviQr in salt and fre^h w^atcr is not the same. Diflcrenccs axe re¬ 
vealed by mixiEtalihits m flotcukition, adsorptive pofwecs, and thicknesses of 
v^^tcr film5. Scenic day mineiah d^sociate in water so ihai tlidr ciystal jstrnc- 
tnre and physical properties arc not the Sivme in suspension and in cnni^ali- 
dated sedimtnt 

A'i ciaycy sediment tlnccnbtes and is dcpositetl^ an tirdcily arran^enicnt of 
the cJt?T particles begins. In a rclntivcly short time a geMike structure gener¬ 
ally devdops that in most dav^s ptassesses an appreciable amount of strength 
and resistance to shearing and compression. 'Hiis struct tire k destrosetL hnW' 
e^TiT, \y\itu the sedirnent is disturbed. A sudden shock may be ’tufficient to 
transform a masi of cqmpmhr^dy solid sediment into a muddy liquid ajmnsi 
instantly 

Some taF the most important properties of a cLiy mjiturt art indicated hy 
its water ctmteut (1) when this is at a tnaxiniiim immediately aftej dcixiri- 
tion and materiid has settled from suspmsion in a tnxbid lirjiiid to fomj a 
pbstic solid, and fZ 1 when drying m compaction has seti.'ixl to traiistomi a 
plastic mass into a rektivxlv rigid one. Standardized niecliaTiicol tests have 
been devised lo mcasine the water ctmtent at approximuldy thc^re transitiem 
piints. Tlie ^"jIucs so determined are known rcapcctively ai the liquid and 


tNTERPRli I ATIOX OF SF-DIMENI'ARY ROCKS =q? 

Umiis. Between these hmits tlie itikture contaiiis enaiigh ivaiei to 
Itibriratc the (uinerai grains, and the ts plastic and jieldi realily in re- 
spOTiiiC to minor stress. 'ITic liquid InTiits of clayey soiiments vaiy greatly 
depending npon the quantity and kind of clay iniiierals present^ but pkstic 



median diameter, mm. 


Ft^wm 112. Dlogram thtrv'mg «lcni^J bthireen medion dl ampler of feconr 
Gulf isrf W^jiShJ wdiniBiTti ond wcjtflf conTwnt ligyrad to ptfrcepf of volume. 
Wdfet eoni^rri cxilculalvd ifils N rti* poroirhf. Conrpflire vrilh 

Rflun* 28. p. 97. tAfier Shepard and Moore, BuJJ. Am, Aum- Prifolgym 

Gvul.^ vdL 39f p. 73&4^ fiQ, 73& I 


linilts arc much more unifonn. lliese limits, however, are not equally guc^ 
indices to the properties of clayey material unilcTall cfinditiDiis. For geologic 
mtcrprelatimi ihey Cciiniot be a^’cepted ai more than relatively gicjss appim- 
xmahons. 

Corfj/ktdroJi 

Water-bid argilbccmis sediments am dqKwited with pon^ibes that prob¬ 
ably mnge from about 5 to 10 p^-tut Ingbcr than those mdicated by Ihtir 
liquid limits. IVlea-Siircments of natnml scdinieots show that initial porosities 
viLry from about 5> percent for s'cry stlty or sandy niatetijl to mote than SO 
percent For hne-gramed maiinc clays, llie lattcf coiitaiu uiore than three 
times much wtiIct in propoTtioii to solid scrfinietitary rnatcml as do the 
foraiet. Cnmpat'tinn is acfomphslicd hy the gtadnal ehniniation of the 
water and the tbacr packitig of mdinitutary patticles rcsulEmg maiJily from 
the pressure exerted hy accomtilatiiig overbtird^ {see Mgure 1H1 1 . 
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Cauipaciion af mud and slmle pmbably h accomplished m sev^ai ^gcs 
that piogrcss in the folio wing ofdei: 

U In newly deposited sediincut, adsorbed watet filais completeh siirmntid 
all mineia) particles. Pressure squctTCs tticsc films out from between the 
grams until thej^ come 1% contact with each other, bnt there is little reir- 
rangeiDcnt and packing it not dficicnl. This stage appean Ed end ol a po- 
mity of about 45 percent in common muddy scdmient, which corrtspofids 
to the porosity of loose bnt uncompacted sand and to th^ average plastic 
limit of numerous sediments that have been tested. At this pom I mineial 
grains begin Eo adhere to each otlier^ plasticity is Tost, and the oi^nal vol¬ 
ume of sediment has been reductdhy IS to rnorc than 60 peteent. 



POROSITY, PERCENT 


Ttgur* ill. the rekittom of poroiity iti hyitt, or 

dry^ d«r^iliy. Ai packhng of sBifimenrqry parHcbs imprav^i, denuiy 
CAftir Doidi, 1954, X Ob^U^ voI, 42, p. 105, fig, 2J 


2. Nexl, tEanrangcnii^t of Uic ^tis takes place, resulting In more effi* 
cient, closer packing, Tlic end of this stage ptohahljr ts readted at a porosity 
of about ?7 pejcait, a'ljkh comsponds to that of loose but compacted sand, 
and the original volume lias bcett reduced by* about 23 to 68 perctnt. 

5, Fnrthcr compaction can l>c accoinpliahed only by the distortion of njin^ 
eral giaini. During this stage the soft tJav minerals are betics’ed to be 
squeezed into the interstices between the harder grams of quartz and other 
resistant minerals and the harder minerals come into contact with eacli other, 
[n common hne^med argillacCDns sedimeuts this seemf to occur at a po- 
roaitv of about 10 perreut wdieij origmal volume lias been reduced by about 
SO to 78 percent. 
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la. tie ftnul stage of competion the harder grains roust he deformed 
or muh PtT Wien sU porosity lias been cliniUiaied in this the com* 
pletcly compacted sediment occupies only 45 to 20 percent of its ortginal vol¬ 
ume. 

fleiriftoiB to Pressure tmd Depth 

Data that cm be used to calihnatc competion of mud and shale against 
piessmeor depth of burial are scanty aud not entiiely satisfactofy. If certain 
assumptions arc made, laboratory compiession tests jmd messoiemcnts of 
the porosity or denKitv of oil well cores (see Figure 1141 art: scn’iccable as 



DEPTH. FT. 


Ftgme ! 14. Ongnnn ihowinf A* rtluliOM of f*“^ or dry. romrat. or w«, and 
grain danLty to dfifirti at d«»eniilned F«m Tonlory dial* «r« rBrawarod fram Vent- 
*u*lein oTt wvih. Cornpoctfon ha» tntnioBjd both bdk <md neloral dwdty. bui proln 
dwiiily u uiHdianged, lAft*r Medbnrg, lV3d, Am. V, W- (»r. J. wL Jl. p. SSS, fig. tJ 

guicies for calcidatinn. Laboiatoiy tests may not give results closely emnpara- 
hle to natural cumpctimi. howWr. because sedimentaTv stmctuic is dfr 
struyed to samples, and cwnpaction may proceed mote readily in the laboia- 
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toi)‘ tlwin m n^hire. Also the poiosities of coits tak^n fraiu deep vadh can be 
reloled to depth, but this is pr-isent dfiptli and the probabiJity that considem- 
bie thiclmei^es of famiEfiy occurring overburden have been rattuved bj' ero- 
(ion cannot lie neglected. 

Figure 11T h ^ curve showing tlie jjpproxiTnatc rebtions of porusitj^ tet 
depLlt flf hutbl in ii hjpcrthetical honiiigcnciTUs column of slightiy sdty sedi¬ 
ment deposited with an loirtil porositj' of SO percent. Its calculation v/as 
guided by the relations indicated in laboratoiy' tests and deep well coius and 



Ftgun 113. Graph ihowlng Eokulolod rvlalionj poroUty ig 
dopfh or lhlckrY*» af av€rifPijrdfln in ham agenda ue rn^jd o r fha ir -of 
aripinal BD pfrtcorrt porgiity. The cvrm H dmwn ko sesTBrat horJDonml 
in whkh It™ depth vpluoi or* ^ncTeamd iLEooe$llv*[y bf a 
tactor of JO. Data adapted from ab^mjliimi by temghh MwiflaHrg, 
and Afhyp (After Wefler, I95^i Am. Aisac^ PojToiet^m GeoJ., 

val. A p. 276. lig. 1.) 

tLe assumptiou lliat all pottiicit} » cliniiRiited bv nv-crhiUfleii prcssuie at a 
depth of ?0,C)00 feet. 'Die SO pacent initial poiositv is it reasonable figure 
for rveenth deposited fijie^gtaijicd snaHne sedirnent Tlic depth estimate is 
iubihar)' foit parosit^’ is s cry bw in deeply huned argilbeeons sedinjcnt and 
this docs not rnflltcneecolcidiitiODS irajwiTfontly, If (his con'c is sahsfjctury, 
[iiuncroiQi other relations of interest tn stratigraphy can be dctemiiticd. Fig- 
urc 116 is a graph shon-ing the compaction that results hi similar sediment 
buried beneath different thicknesses of overlying strata. 
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Otljer cMiwts cat! be calculated for sedimeulii flf less iniiia] pDrodW to 
which the curres presented here du not apply. IniHaj porosity of SO percent 
is selected as a Inniting case because much greater porosity and much greater 
compaction are not likely to occur in any nutuial siratigraphic section. TTie 
other Irmitiiig case is complerely iionporons matersal which would accom¬ 
plish the greatest compactiem of porous undertyiug itrata at the least depth. 
Figure 117 shmw the icbtiops of masimum smi oiicLkniuni UiicLiicsses of 
overburden to porosity. 'Fhe differences are great for stmtigraphic sections of 
small and intermediale thicknesses but they dctitose wttJi depth. 
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Rgufb 116, Somi1i>gafilhm]C ^raph showing ptrCtnt tompoctlofi of differ¬ 
ent fbfdcnH™. of arigin€aiiy BO pt«:En1 portiK^l mud tfFtftf buftol befteCilfl' Mf- 
ciecuingJy Hiitk ovetburdaiT. To uw thU graph, coniJdvr the wrt of 100 f*ei 
of iediment Ihcri i$ gpodoolLy buried lo o depth of 1000 fooS. Fott^ ih* Curve 
moxVed lOO ojt the rl^hf lo rn inrenecriofl with Ifie Emo fUiog hom 1000 on 
Hie kiwer scab and read ihe answer, or 30 plus^ at the leff. Opher vpJufti con 
be ftitimatid by Weilef, 1959^ Jofi. Am. Awe. ^^Irohvm 

Optti, vd. 43^ p, 390, fig^ TJi 


Estimates of the uiaxiiuuni depth of burial of shale, and of stcafigraplijc 
thicknesses at cUficFcnt stages of gcoItJgic tlcvclopmcnt. can be made by test 
ing, cstrmating, and com paring lire scdiincnts of a stratiginpbjc section and 
employing appmpriate curves cDnstructed from data and calculations of this 
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kind- For example, measorements of a Pennsylvanian cky outcioppmg in 
Indiana suggest that this bed once lay nearly a tjiile below the miface. 



t=1gur« 117- Graph ihbuHng thicknut cf ncnpuroui aYUliiifrdfln, 
*XfiTt^a^ ai Cl perrenTag# sf ths lhkkn«U of originfitb' p«rcant 
porwi fnud, require le Compact «clim«rit. For oKcuTipie^ o 

0 dfiporDui tayer on^ psifxni m thick w\U r«duc$ porovry from €0 
In 60 p9rCsfll,r bul a iloysr 60 pBimn! at Fhitk b n«#ded fo rodii-D* 
porasity to ^0 perctfH, Monporovi ond pcrtavi iaytn ki ffiOs* prcpDiT- 
tiant pravnlB Oqual pvtrbufden loodi. 


Evfcf^TiL't? of Comr^ians 

Some calcareous and sJderitic concretions that occur iti shsk dtTcioped 
vtry early m the history o( the seJiment as sbow'it by tlic bendmg of thm 
lanrioae arouud thcui (see Figurep- 117]. These tebtiom arc most ^Jp- 
prent m same highly catbonaccjous bbek shales. ^MthougU it h out p<^ibk 
from field inspection to dclomme at i^liat ^tage ki the compactiuii process 
sndi concretians formed^ mcasuraiieiits re\'eal approjiiuiately tlic minjiuuni 
compaetion that hs$ occimed. On tlie other hand^ ctmcretiatis m some very 
silty argillaceous beds ha^o laminae that pass btcrally into shiile without 
noteworthy decrease m thickness. Because the endoftiug shale certainly has 
been compacted, these coticretioiti are shown to have developed much later 
jftf ter most compaction ha d been accomplished . 

EyfdOTice of Fomk 

The bending of iliale laminae is rarely ohsen^ed amimd ubjccb as small as 
fossils. The compaction trf some shales is sliciwii, however, by the pmentt of 
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crushed fossils, and certain very fissile and highly carbonaceous strain contain 
complete^' Battened specimeos. The fossils of other shales reveal remjnkBbh' 
little damage. As uith concie^jons- tela Lions of tlie fossils indicate minim um 
compaction but, unlike ccmcietions^ mml fossils are original congtituents 
of the sediment. 

’IheoarurriJiceof nncrnshcd fossils in beds of shaH particularly speci- 

niHis whose interiors are filled with study inatria^ demanstmtes that considef- 
ahje fionuge of aigdlaceous niatcrial accompanies compaction. During tlie 
first stage of consolidation, scdimeut is highly plastic and pressure is esseu- 
tijllv hydrostatic. Adjustments under the^e conditions might be accom- 
plbhcd wilhoiiL damage to the fossils. Kiirther competton of stiffer matc- 
Tiah howeveTp wnnld be more liidy to result in creshing particularly of the 
wreater, thiiiner shdkdt more con vex or hollow spedmens. 

Ttie crushing and Battening of fossils in some beds indicate;^ much grenter 
compaction than occtn5 in tlie later stages of consolidation. In i^trast to 
these, the di^torrHon of spedmen^ in other beds is much less than might be 
expectedK Such vanabdily iu preservation demonstTBts that plastic flowagt 
in compacting mad and ^Iiale has not been uni form. Probably the condition 
of fossils in argillaceous strata is a general index to the rapidity vtnth which 
compaction was accomplislied. Thus if compaction was very ispid, fossils 
would be flattened cvm during tlie early, nearly liydrtMtatie stage. On the 
otlier hand, clayey mntetiai undoubledly letains some plasticttj^ even at low- 
porosity, If Lumpaction wa^ slow 
euouglu flowage around fossils appears 
to have been sufficient to preserve them 
from miieli breakage or distortion, 

Ccmpactiwi Structures 

PifffT f utial compaction nf sediment 
deposited upon aii incgnW resistant 
surface and of unevenly intcrbnldcd 
strata difFcring bi initial poirreih-' or 
compactabiijty tesult in the dcvch 
opmdnt Ui Ntnictufcs resembling those 
produced by gen tle folding. Depending 
upon the ariginal itmligrapbic lela- 
tion.^^ autidmes may form over buried 
hills initial dip^ may beootue 

steeper, and sand budim tnrk^^d in 
shale may be dcfomiei Figuic^ llS 
and 11^ iTliistnite diagrammatically 
some ot the relationships Itiat niav de¬ 
velop (sec also Figures 29* p. 98; 110, 
p, 295i and 127,^ p, 316), Compctimi 




119, Diagrnrni 

ikv cf ilrufrfure ahoi^ cut 

unflYvn uncenfmm^ irewtiin^] from 
■s^fTipsjctwrii 







































STHAT 1 GR,\PHIC PRINCIPLES ;\ND PRACTICE 


324 

Sitnictaicj gf;ii{zrBll}F die out up^s^Til, but the iiiHueitce of btuied reefs or 
mav peisiit fur very long liitcn-ab of time, as shown in Figiire 120 . 




] 19. DiagrriiTA jlliJitrqling 
ihf OHn^tL-TflucTtiiin qf initiciJ PFGh 

by CQ rrrcyDEtion in rtfqls 
itod upon nr^ uns-ven vncOTiformQbtp 
lurfoca. Ti» rKmIli ore nql gffiptly dlf^ 
^oraoT ffom thqie dtoifm in flgutft 11 B. 


DavdopmcTjt of Fissility 

Slults are chiiracterized bv Lheir 
thinly thncbirt^iG miircuf 

lew ’ivdl-niarkt'd lisiiilitj 111Cie features 
ar<^ variably developed in different 
stjabi. AJI griidations Otx'ur frum mas¬ 
sive tnudstonc. in wiiich they are 
ivlially lackiiEg, to sliiflc Lhat splits 
ca.^ily intt) imifiimi thin taycri, TIil^ 
^re in part [nhcrttaiires horn otiginal 
sedimeiitan ^ttucium and ii> pntt 
secondary features resulting frum diu- 
gciictic changes. 

Some arginaceous sedinieuls are de- 
[x>^ited ill layers tliat differ fnriTii cadi 
other ill cobt, teihire, iir coin posttjciii 
in vucL a i,vay that [amilulion h <ib- 
vititu and splitting may occur parallel 
Uj the btddiiiE became of disconti¬ 
nuities in tJie type of sedin^Eent. Sudi 
strata arc formed in pLoco inhere tlie 
supply of sediiiifjit varits* ai ehanges 


in local cciniiitiont prewnt tiniforni 
deposition. Generali) flicy are diiiraiLtcristie nf rdativxh sJinlhw and near¬ 
shore iiituiitiQti^ nitlicr than of deep water at iitorer remote localities. Unless 
sediments arc disturbed and mixed by orgam^iins after dcpositroiij, layering of 
lids kind persifits. Tt may even be accentuated by tompetion hCGiuse the 
btniiiac Ixxome til inner and more closely cTmvded. 

Tliick beds of hiiL-gramed sediment without conspicuDu.s layering may at- 


FrgMre 120 'oppq*irfr'. Mcrpf fit thfi PfitcHca qfSD m 4 au>lti-»nfraI UlijncM ihawing rfi^ 
I'nflaaficp qI SllwfioPt mtfti tzn Him jubsequffntl^ dcpfi^ltnd ilf oHg rtiphSc iccTion. 

A h fin JlOpCicti map showing Iha tkinkneAi at iFffilo Jjitiu-dafi hsiv^t^ti tbm Iqp o( tfir 
Kimmwk'k LrmesTDn* lOr^J ortd fhs ba^ fit lh& N#W Albany 5tval« IDttv.JWIkiJ. Th* 
three reidniefed oreni ql ihicker >rrolfi, llufiCfited by haebured CfiniOUtt^ Iwo \n ihfi norHi- 
fqwnihip ond ihe filhfif In the iOUthwntvrn fine, re^^tef ibe pnawnce pt pruiniPenl 
Solution r-Bflfs wKFch ypnd fii tfiaSitaet mDMfii. iha mutit of n^O^# comppcfobts iffEita. 

S ihowl tha tblckneii Crf rOEbi belwBen Hie baie pf Itia New AEbany hhptq and tbe tqp 
fif the St*. G*n*¥Wfe UmesJone iMiiLt. TH^nning ii avidcrvl Orer the reefs. This probably 
fndiEmtff ihfif ifie undariylng npri-fe«f bad I COnlF-nirtd to qainpaa oi new ifidirnent woi 
idepfii'ited above lliem. 
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cmnulrtte in quiet situations wIicec deposition is ujiiform and continuous. 
SimikT however^ nuy i^utt from the activity of organisms ttiui tnii 

the scdimcrri and prevent the develcipment of kyctmg or destroy it Dis- 
titietian between tficsc two tjpes of deposits is likely to be difficult and 
doublfid. lu eitber case the s^inientnry pailides at are mndotnly dis 
posed, and little or no tendency arish for partdig or splitting paralld to the 
sedimentary smfacc. As compaction progresses* the tmy mica-like crystals of 
the cby rainemk are rotutcA Many of theni become roughly oriented at 
fight angles to the direction of tncEdent vertical pressure. \Micn such second¬ 
arily induced nnentation ha^ progressed far enough to eficct splittmg in a 
ptefmed ditecilniip thedevelnpmcnt of shale haa stalled. 

Labomtnn etpeiiments show that the rapid conipactipu of mud even 
under great pressure does not produce a shale. The development of wclh 
marked fissiliri' reqinres inote than the partial orientation of day miuerals. 
Appaiendv rrawstallioriim^ aiid perhaps some chemical reerrgamzation also 
are necessary. Tlicc processes ujvoJve very slow changes. Evidence ia pro¬ 
vided by the pnmilcncc of wdl-developed diales In most Paleozoic fottiia^ 
tiQQs and the general lack of gcicul sbaly sfcrnctme in most a^ilkceotis beds pf 
rtf tiary age. 

Rdative abundance of the cby minetab is differenr m the older and 
)XiungeT nocks, most conspicuously w-ith resj^ect to kaolinile and moutfoorih 
lotille. which are dominant in some post'Falcozoic strata but are com- 
paf 3 tjvdy miiinportant in older beds. Kiiolinite is almost unknow^r iit 
pre’Carhonileraiis locks. These mineral appor to Imve aUeied tlimly after 
dq>Dsiriuit and dianged to tllitc find chlorite, Kaolinite probably b unstable 
m on alkaline environment and in the presence af c^eiuin. Press tire may l>e 
a factor m the alteration of montmorillonile a$ this would lend to s^ncezi: 
out the vvater layers chainetertstic of this mineral. 

[llite 13 predominaut in most bmiuatal shales i see Eigure ! p, 319]*. ft 
aliio generally is tiie prevalent cby mineral in calcareous strata and marine 
deposits. Ill contrast, kardmitic beds are rarely bminated and Ibis mineral is 
not likely to nccin' iroporiantly in Dalcureovis shale or hi associafiim willi iJiue- 
stonc DT dolomik. The diagenetk aitcratiun of kaolmile^ whidi lacks niica- 
ceous stniclnrc* fri illite or posihly chlorite, which are nric^cooust may f>e 
one of the mmt Eitiportent factors in the development of hssility In sholcp 
This alteration I and abo the alteniticm of mcrntmorillonitc and the possible 
fecTystallizatifTn of other elaj [iiiueraU without notew oithy chemical change,, 
may modify argdlaceous deposits so greatly tlijut then onginat qitalitics, such 
as cwmposiri'on and tatture^ may not be deter mina ble. 

Cementation 

Shales nifdv are cemented in a way lhal « c^rmparabk to the ccrnentation 
of tNirar^ textincd roeb. Clay inJneral paitidcs may have grown dining dxa- 
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genesis bnt most];- thty are less than two micions in diaiDeter (see F^ute 9. 
p. 5H) and their sizes, shapes, and Riutiial rdatious sre veiv difficult to de- 
tcimine. !-'ew other mineral grains are smaller than 1 micron, and most of 
them are much latgei, ranging irp to sand. .Mau\ shales contain mote silt- 
sized particles fitnn else, 

PoiDsity of mild and shale is rodtictd almost entirely by compaction and 
the closer crowding of sedimentaTy particles. GcnciaJ))' there seems to be 
little EJImg of the pores by cementing material. WTieii compaction lui 
fenced the non-clay grains into close contact tiiq- may dev-dop an inter- 
locking mosaic stnicture producing hard tough shale that does not split 
readily excepi when weathered. This type of stnirtrrre has been ohseT>'ed in 
caicaiEOus shales whose calcium carbonate ii present in sUt-sized grains. Ft 
also may occur m najicalcaTtatis shales and m tiic much less common highly 
siliceous f hales. 

Limestone 

Limestones are JJic sedimentary tocfci whose otigins and diagenests are 
least wdl iindeistond. They lure been fonned by the consolidation of a 
great variety of lime muds and sands whose original cliarjcters resembled 
tliose of fhe whole range of clajci' and sandy sediments. It sccim logical to 
compare the diagenesis of hrie-graincd or coarse calcaieom deposits to that 
of shale or sandstone, am) similarities undoubtedly do exist. The etiemical 
.md phisicat propeilies of cnkiuin carkmate. however, are such tiut there is 
not dose parallclisni. 

TIjc consolidation of calcarcouji sediments b accomplbhcd mainly by 
(1) cementatitm and pore fillirig. Lfther diageoetie processes of variable im¬ 
portance are i 2 1 coniTisitm of aragonite to calcite, {5) compaction, (^) re^ 
crystallizafion, and f S) dolomitization. 

Porosify 

Most caicaretitn sediments are of organic origm. This is obvious for the 
coarser partieJes, which gpncmlly nan be identified as whoJe or bmteii shells 
or other structures built by animals and plants. The cuancr caTcareons sedi¬ 
ments are likely to be considerably more porous than ordinary sand because 
many of the particles arc not solid minerjl grains but consisl of holbw shells 
such as those of foraminifeia nr of npen-stnnrttired material like cchniodcini 
jdates and fragynenh of biyoroans and corals. The porosity of firmly settled 
modem calcareous sand has bcea observed to range between SO and 60 oj- 
nHire percenf as compared to about 57 percent for ijuartz sand. 

In contrast to unconsolidated caTcansous sediments, few limestones retain 
more tlun 10 pereent porosity and many arc practicallv nonporoiis. In fact, 
noteworthy porosity m limestones, which arc important oH leservoira at 
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nuuiy pidccs, i$ commoaly cotisidered to be of secondaiy origin resulting 
from the solvent action of enccJaling ground water. This undoubtcillY is 
the correct explanation of porosit} in many limestones as shown by the fomi 
and distribution of the o|3Cuitig5 that occur (see Figure IZ1). It is not true 
of ail, however, and the hpe of parositi’ ptesenl in many Imicstcines ha.s not 
been determined. Much attention Las been devoted by geologists to the de¬ 
velopment of secondaiy porosity because it is of great economic impcirtancc. 
Reuiaitcahly little study has devoted to the common elimination of 



'^31. OfililH: ririrtstartB wkth iNWtdaiY ^20. Intflrgmngkr 

cakrt* ttmenl heu partLoll^ and irt^guldrly dktioliredi artd □ f&w of Ihe 

fsoLlhM alid huy4 aifcK^ed hf wfutiQH end partly dciifrcycd. Pore opwiln^t 
DVE indicaTed in black, FfvdoniQ ^nmbfir af thiB Sta. Gvn^viiFvv lin^DsTorHS ^MiuJ 
from EQutbem lllboil. I Drawn from phalogrrsph af fl tmoerihed surFace qflipr 
Graf and Lantar, T^SC, fluJ’Jr Am- Aiiac. Pe^rpiEvm Ceo^., woL 34, p. 3320, 

% fl.l 

TTioiit QtigiiiaJ pn05ity tliar i.s clmmctettstic of calcareous sediments. 

Most secondary pirasity probably tan be jJcatified because solution at¬ 
tacks botli the original scrliinenfary particles and liie ccmLiit that binds 
them. 11 is libely, al«i, to lie selective in eiilargiug some openings more than 
othcTTi and it desxlops irregular, rcblively coaise iiilcrcaiiiiettiug openings. 
In contrast, some of the original porosity ol ealcareaus sediment Tnay re¬ 
main because of inconiplele cemeutatioTi (see Figure 122], In limestone 
of this type, the potcs are small, more regularly distributed, and surrounded 
bv thin coatings of cement that eiicnisl the surfaces of all sedimentary par- 
lit I es. Secondary porosity is mort likely tu develop in coarse or IrtegiiJarly 
te.xtiired limestones whereas mast beds that tetain original parosity are fine 
grained and even tcvtiired. Porosity of the Salem l imcrtnnc I’Miss i, which 
is the widely used building stone of hufiaiia, varic-s irp tn riuirt titan Zlf per- 
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cent dud probably is primary. That cl the Miami Oolite ^Tcrt,) of Florid^a h 
greater than 75 perttmt at some placa and much of it is secondary. 


Ffgure 122. Thin 5«tun (rf Reeeitt iFIdnda ^Hachrpek origin ni 

powiry ^47. rragnwnt:& ihElfi and flilief culnaraoui ifabrii p« JnctnmpFElEiy 
cam^ftted with ColcJutn carton ati^. rafrr-aining opEn ingv shown in bFack^ prE 
lilted wuh liny rreEdk-ilke cjyUqLi of Prvgonltv. Compott wrth Figure 
(Drown ffOTfr phiotagriiph by Omsb^rg, 1952 h SedlmeJi^- Pefroi-, vof. 23, p. flO, 
fig. 5.) 

Cententatirm 

The conversion of calcareous ^tdimenE lo almost nonporoiu^ limes tone 
might be accumplished either by compactiou or hy deposition of caldimi 
carlxinatc in llie poies ur Ijotli (acc Figure 123). Tlic coarser grams of most 
fragmental limestones, however, gcumliy ilmw litlk or no evidence of 
tighter packing or of solution along their feundaries wimn: tlicsc are in con¬ 
tact as shown in Figure 12d^ AJsi^ empty shells and [ximiis orgaiitc structurei 
fmtirrarily are not crushed; very little actual Cf)mpactioii lias occurred. i\ fore- 
over^ cenaolidatiun of most luuc&toiie apparently w-ns accomplL'tlnrtl earlv, bc^ 
fore the sediment was subjected to tlic pressure of raudi ovcrbtinicn. 

Fiiic-gmincd limestones arc p^wrlv timlcnfrood because their origin h not 
obvious and lime muds liave bcer^ little 'itiidicd. Sonic lime mnd ^vas de- 
fHJsitetJ witli ^t!iy high ponssth" lt\ re^Ltion fn ei>mpreE^ia^ hajE iml: been ade¬ 
quately iui e'jtigaie^, Rqjortiof la bora ton teh are coutradicton'.Fussik pie- 
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sensed in fine grained limestone, however, raiely show much evidence <if 
emshing. On. the whole such beds re\'cd no moit indicitiou of competion 
tJi;in do coarser strata. 

There are exceptions to oil of the 
foregoing otKervaHens but thej^ are 
not common, A feiv oolitic liine- 
stones dearly show lint intcrgraTiit' 
lar solnticEii and compactiDn have 
occuitedr ind calcareous debris of 
organic origin in some beds has l>ecn 
bioken wHlinnE displjtccment of the 
fragments probably ai the result of 
loading. Tlie consolidation of mo^t 
timestones, ImweirCr* nidenhly was 
accomplished mainly hy the cemen- 
tatioTi frf origmally highly potoirs 
s«!imenL 

Tlic macadam effect that bin da 
crushed Imiestont proceedi rapidly 
by alternate wetting and dryhig, the 
partial solution of calctLim carbonate 
and its redepositian as mtcrgranulac 
cemenL A process of this tvpc is re¬ 
sponsible for Lfie development of 
beachrock Ju the intertidal zone 
wlicic cenien tmg calcium carlxiiuiie 
i% himislied hv evaporating sta 
water. Some devattd late TertioTv 
fime^otic^ m the tropics arc case- 
ha rdeoed gnd ceinenlcd near their 
surfaces hut temam porous and resemble nwl at a little distance inward 
from the outcrops. This action depends upon cvapfjration ^nd cauiint ocenr 
bclow a permanent w^ter cover. No consoUiLttion of calcareous icdiment on 
or close hcUm the sea Boor involving cementaiinn sicnihir to tfal which has 
produced most limestone is Icnown to be tKcurring at the present time. 

Some ^cdimentologisb and geologists liave sugg^ied that the consolida¬ 
tion of all caknreons sediment into dense limestone followed rb uplift into 
the snbacrial mnt. This does not item likely. Borings cm modem coral reefs 
show variable amormts of cementation in sediments iliat pobablv never 
were exposed to atmospheric mSucjiccs. 'niin limestone layeT:^ aicknec! in 
shale are thoroughly consoluljictl but, eveu if thr^^ luid becii ctevated. iheir 
impmious siirtoundings would liave proredctl theui fjoni stirfyct condi¬ 
tions, Essen tiilly unconsolidated calcarwmi ^t^lla otcur in Crebecoua chalk 



Rfivn 3 ^ 3 . Thin iitcKon of cionipEBlely 
c*m«fit]frii oofiKc ihawin^ wklenctt 

lomv inlvrgranuSDr laEiition and' conrpoc- 
K^D. SavErail dictini of tMilhEf seOit in 
whirii QnR g:f baUi naighiiorin^ hgva 

ti^en partially diiw^v^d. t*P leveroJ pTacei 
sgtutpgn %ai attacked only one oolirv lo 
that iKe odher porfly prrritnitH it. FFtdaiita 
M^mbar of Ste, Utrifliton* tMl-ctS 

frofn iduHtem Ifltrra^L tDraum Fram phato- 
gmph by Graf ar^d Lofliar^ Suft Am, 

Ajfoc. P*tra(*vm ¥Ckl, 34, p, 2332, 

fig 
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deposils tliiit linvE berm altered i.'ery little in ipitc of Iiaving stood Jibovt sea 
level for miich of the time since the end of the Klcsozatc Era. 



F^guf* 124, liitn ■jffctiDin of Salem iEmnlonE iMmJ from Sir. OariEvwE 
MluourL Jhh rock tdEisiiti raairif^f ffogmontoj FoiiU debrii dod foromi n If era cBinent^ 
by cfear cokH*. Th& Jock of inis r ponttfOtiori qr suhifing at omirt fordacti h evidence 
rfiot l<tPU or fid htergrarniJor foEkition or compcdion of tht (^iginol iedimanl hof occurred, 
rftfl lolofifinii ihown; hare arc COfniTliOft in many lime-iifadei- EnlargHiiienr not recorded. 
(Drawn from phalagtoph Moctre, 19JT, Sem fcofi- Poleoflr Ond MTnEr., Sptc_ 5^ 

p. 117* fiy./dp) 

OrigiiT fTf Gernerft 

Howirvei iirid witerever consoIidaUoii of limtf sedmients occuntd^ the 
problem of the .source ijF tht; calrjreous rtniaiTw iinsokTid. Because 

the <iri^pl Siediiiimb pciroii^ j bige nmoimt of caldmn car^ 

bunytcT^^u? requiretL iin amqnnt perhaps erestcr th 4 Jii that coat^nev] in the 
original ^cdimenl. t his cafemm Kirbonate probably wtas not derhed from the 
scilut^fin of ovcrlving strata at any rime hccauEe Llie resnits of such extensiso 
solaticsn liave nouheie been recognized It probabli was nut coiktiibiiUd by 
soliitmns squeezed fmm adjuecnl shale because vast qiiantitic!^ of such ^'urei 
tt-oidil W ra|Hired and some thicL limc^t<inc sequences of low poiosity are 
assoebted witli ven Utlk iiiale. Solutinn along sty lolitic surf ace? might luve 
been the soitrcc of much calcium enrbiuiutt cement, and 5 omc limestones 
ceitiiinly wcie greatly reduced in (hictncis ip this way, but sh lolites ace rare 
or abflmt in many dense limestoises. Also sityfolilcs at sonic places can be 
proved to Icivc dev eloped after the complete consohdatiori of the tool. 

Altfiougl] httle positive evidence can be presented, the cementation of 
iiiosl calcareous sediment seems to have begun soon after its deposition «nd 
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w’liile it itil) iKtibimfi^ed beneatfi the sea. Thereafter it may have con¬ 
tinued slowly fiir long penods of time. Possibly an important part of the ce¬ 
ment was piosnded hy much unReognized solution along planes Hut! did 
not dcv'clop stytolites and norv are marked bs' faiilv P'cu clay or shale part¬ 
ings in the limestone. 

RifiCTystiiHiraf/on 

Calcium cirbormte is deposited as both calcite and aragonite, which arc 
identical in chemical compositiem but difienmt in crystal tomi. Although 
calcite is the more common mmcraK some modem sediments consist mostly 
of aragonite. The latter occurs m the skeletons of coraU. in the shelli of mol¬ 
luscs. and as v'ciy tniy crystals. It is lelatrv'cly unstable under meist natiinil 
sedinieDt3T>' coutlitimis and teciysbUlzcs in Uic form cjF caldte. Aragonite is 
almost unknown in tocla or fossils older than the Mesozoic and if is rare ex¬ 
cept in fairly recent sediments. It b slightly mart dense than csleite, and its 
crnivcrsion involves volume incnsise of about 7.3 percent. This is not suffi- 
dent. however, to account for much decrease in the porosity of calcareous 
sediment. At most the alteration of aragouite to cakite can decrease the po¬ 
rosity of 60 percent porous sediment only about j percentage points. 

Rcciystallization tjf calcium carbonate is common ia many limestones. It 
seems to occur most generally m the Biiet-grained porfiuns of the rock. 
WTiethcr iliii indicates the orighial presence of aragonite m the sediment 
cannot he detemuned The procesv results in coarser textures, and some orig- 
tnaJ features of tin* sediment cit scdimcutaiy particles niay be obscuied or 
totally destjoycti 

Dofnmrfftirtton 

Tlic mineral dolomite is rare in $cdiment.s of the modem sea flnor but 
many limestones are more or less liclily dolomitic. 'Ibeir magnesium is con 
tained jit small dissniiiiiakd dolorntte ciyshilj of vartubk abundance. ITi^ 
rocks arc divisible into two classes; (I J dulomitic limestones with less than 
20 percent (if the miiienil dolninitt and [2] tnie dolomite rock wilJi less 
Ilian 20 percent talcite, as shown in f-igure 123. Intermediate mixtures are 
uneommim. Dolomite is the major coiishtueiit of many thick and extensive 
formations patticukily m the pre Devonlaii systems f^ce FiCTire H, p, 62). 
It also occurs coiiccntrated in li«b, Ieii 5 e.s. or other rcstTicted bodies en¬ 
closed between or w ithin essenliany nmi-dulomittcstiata 

Nrt one surely kumix how (iohimitc was formed although most geologists 
agRx- that its dewdoproent hi sedimentafy deposits mvmh'ed a repbccraent 
pmecss, i\ fev small dolomite rhombs lias'c been observeel in modem sesa- 
Iwtttnn «-diment5 but they are too rare to be constdeicd evidence for the be¬ 
ginning of dolomite development. Dolomite » not knowTs to be aceuimilat- 
iiig anywhere on the sea bottom at the present time. Probably it never did, 
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excqit possibly in some sopcisaline cnviTonmeats where it was associatoi 
with cs'apmites, 

In most respects, dolomites are identical to limestones in apparance and 
struti^rapbic associations. Their fossils arc similar, althou^i preservation 
ooniinoiily is poorer, and indicate no important diffetences in deposih'onal 
eiivinmments. Dolomites, however, arc inclined ta be brownish from the 



175, Curv* thawing iha prEwlBnci trf ntagriciiiini In onn- 
lyzvd lomplai ot FoIomok linmtonna. Two diitinat pecUs* Occur. Thn 
ri/n p«ok, baipw 10 p«mn1, rvpIWsenti limoitonei In which Rwn of 
litB inognfruujii TEploc*! lonie el th* caJetum hi cilciie cryimli. Dolo- 
mffe erythiU nra rarely ebserved in limeitane with ihon 13 perCnnt 
rnoBneslum. The i«c«nd peoh repretenli fully dDbrnlliind Imwiionei, 
Remorhebly few swnpln ware found lo eontoin intarmediofB oittounri 
of rnogneilLim. (Aft^r ftrirfafEdge, l?57, $ac. Econ, Peleon, and Minw„ 

Spec. Publ. S, p, T2S, fig. I.) 

presence of small amounts of oxidized feirom iron that may have substituted 
for some of die magDesiiim in dolomite ciystab. Also some dolamitcs have a 
sandy granuJar texture resultfuE from ticiyTiialiintion. Many do nor pos¬ 
ses these chaHcters, and some can be distrriguished from limeitoiics only by 
cliemical teits. - ^ 

Barings «n mtxIeTu coral reds show downward transition of alcareous de- 
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posits to beds cutitaining vambit atnoimts of dolomite. Possibly dolomitiict* 
tion » occmiiTTg in them now. Some or^nic caldte contains about one- 
ttiird enough magnesium in solid soludon to pmduce dolomite on TOOssta!- 
lizsitioii but such calcite is not lilcely to be abundant enongli tn be on impor- 
tsnl factor in dolomite desxlopmciit Tlie only adequate souice of niagne* 


Rgwf* Mop of ilia tadiw-BjinDnion ofto of Atbertp, Cnimda, 

thawing the nol^D of dolonirtEZDlion in the Icwer pent of *!i0 Cool^lng Lekt 
Formcitroo (Ovv.K The ahnipf dacrEQs* In dolotnlfizotfAii la Kh? well Mr- 
reipondi with ih* edg^ of Hie ihaHgw-wohr pi 01101™ Hipi ejdefldod nn^r- 
wnni from Hit trend along whief the gtont Lodge reef nand oHlim lerfer 
grow. Some of fheie reef a ntfatA ihklttivHei of more ihcm IOOO ietfl. Oe- 
creois to dobniiTriOllori to th# &atl uiggsiti Hiot dgriog Cookhng Lake tune 
the saa deepened gtodualtgr directionn Wfter Andrtdibk^ 1553 ^ Byfl. 

Afft. Auor. f’t^toJeuin G*ct^ 42 m p. 34^ 5g. 11J 


sium zs minenlmiitter di^s^^tved m sea Vi-ater^ which contains about sui times 
as uiany atoms of this element as of Cdkium. Nevertliclc^ss the complete al- 
ter^iicTEi of mkite to claloniitc would tccjuire the luag^icsiiim ifi ^hoMt 27 S 
volumes of sea vi atei for one ^^Imne of resnltiug dolomite. Dmvnward dreu- 
































1^TERPRETA^^0N OF SEDrMENTART ROCKS 


jiS 

lation of sea vvater in compacting material at tlie bottom is e^ccdingly tm- 
likely^ but magnesium may have diffuse into the sediiuent, Probihly dolcj- 
uiitizaiiDn is a very’ process. Chemical expctiuients suggest that tepIstcC' 
nient of cakiuni by nmgiiesiiini is favoied by timease m letiipeiatun: and 
pressme- 'rberefore* the optimmu conditions ioi tlie development of dolo¬ 
mite seem to octm ^t some distance below the sea floor m areas wiierc the 
water is relatively \vaim and shallow and calcareous sediment is acturniilating 
slowly. This eoiiclusioit is corroborated by some extensive carlsonate forma¬ 
tions w-liith show* a tetidency for doloniite to giadf laterally into limestone in 
tlie direction of deeper watei (sec Figure 126). 

Dolomite is a Kttk more dense than caldte. Atom for atom suhstitution 
of niagiieskiin for calcimn would result in ^lue reductiori in volume and the 
possilile development of increased porosity. Comparisom^ however, do not 
indicate that dolomites generally are much more poirms than limeslones. 
^rberefore, the repbeement ol caldte by dolomite is believed to involve es- 
sentially a volume-for-voltime exchange. 

Orgonic Sedfmerit 

Organic matter occurs in niauir sediments and is altered ty diagcncsb. 
The amouui^ liowcvei, is gei^enilly small. Even if enmigh h present to affect 
the appearance of a sediment or roclcj as in black tmid or shale, it oouimonly 
is 50 inrimatciy admixed with mineml substances that its alteration is very di^ 
ficult to detenniRe, Coal is an excqition. Much that can be learned by shidy- 
tfig it probably is applicable to most organic sediineiit. 

Organic matter^ as eTcenjplLBed by coal, is altered diageueLtcally in two 
well-marked stages; (I) siniple compactiofi resulting in the ejimituitirTn of 
pore space, which cccuis only in the hrst stngc^ and 12) decomposition m- 
^■olving the loss of substance principal^ hi the form of watcr^ carbon dioxide, 
and nietfiane, which is accomplished biochemically in the £rst stage mid dy- 
aamochemicalt}^ in thesecimd. 

Comp<icticTi 

Few accurate rocnsuicnictiis have been made of the porosity in peal. Even 
if they were available thc}^ would not have much meauing bra use po^a^i^ty 
between wide extremes and no sliarp dhaskmv be drawn between 
newly settled v^^ictable matter nti the one hand and the beginning of lig- 
nitc development on the other. New peat obviously b very porom. It b con¬ 
sidered to cuntirin about 90 percent of water. Iti contru-Stj mature peat, such 
as occurs at the bottom of a well-devdoped bo^ may include no more 
tfian ^ petceiit water by volume. If these figures are accepted tetita- 
tivdvt tliej^ account for i«luction to about H peiccni of the original vul- 
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Strictly speaking, this is au estimate of the ctmipacticni that occuts id peat. 
It it not a complete measuic of volume ittlnctiiTn because compaction is ac* 
cciinpiuned by decay and the loss of organic substance. Deconipositiou 
accomplished In' bacteria and fimgi is an impoicaiit pniccss in tlie develop¬ 
ment of peat, ft altcK chnnical compo- 
sirioD and involves dcotidarinn, dcUy- 
diutian, and incieasc in caiLon content. 
If loss of tubs I a nee in peat development 
is cstintated at 25 percent, s'olume is re¬ 
duced altogether to about 12 ptreent 
fsec Figure 12"), Compaction and vol¬ 
ume reductiun ajTpeai. to pnKt'ed iiatn- 
rally iu lliis early stage without the 
necessity for tlie application of much 
overbindcn pressure. 

Consolidtiti'on 

.Vctiiai consolidation of vegetable ma- 
tetial does not occur until after the peat 
stage has been passed. Tliis may be com' 
parcel roughly to the ttansfrirmation that 
marks llit point where mud looses its 
plasticity and begins to convert to sliafe 
and where sandy and limy sediments be¬ 
come cemented. In the eral series w'atei 
plays a most important role in the Lrum- 
foniiation of spongy peat tt> solid ligiiitO- 
Among the dcccimpo.sitinn products 
fotiiied during the development of peat 
ate water-soluble so-called humic com¬ 
pounds. Some of these are lost as peat 
becomes less prnous, hut coiicentnititiii 
increases iu the pore water that reniaius. 
Finally a coiiccntiation is reached at 
w’hich the solntioni gel. At this point 
almost all remaining porosity is diin- 
ijiflled without additional appreciable compatrion, Lignite is the resulting 
product. 

Jbrni!: Incfeast 

Rimt mcieose from lignite to coal of higher and higher carbon content is 
accornplished by further dcliydratbii and deoxidation, as shown in Figure 
I ZB. Such chemical change beyond the peat stage i.s a hmetion of pressure, 


B; 


FiHurB 137 , Dhogrnnn »JiowLng th-e 
vpon MclotiTig of th* 

tortiformotldfl laf peoJ to cooL A. 
compoctad ntudd)* ajid 

peat, Affnt 5^ p«r«4nt ^ornpcKtiOn 
of ihott and 9^ percent redtKhOfl in 
trolkhfnt of poaln In nolure th-tw pffle- 
ewfl* p#ogreu grodoall^ at 
OCCumulia'hB and dscoy^ bnd h 

fmnifarmBd lo COoTr lit lom^ OFKm sev- 
OtEil Ei;K:cs^$£»i¥ii Pfiniifh«in io r> COOEi nm 
eianormatlf Niidk, wgg«xfing Htcit rap¬ 
id ly ilornpocf[ng pom produced luif etco 
dflprB»iont k\ which more rhon afdi- 
fionly thick OCcumoloTPon of Fotar pool 
occuinad. 
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heaf^ jnd time. Fuf oFeibwidcn pressure appears to be tire pTcdoinimting in¬ 
fluence. .Many <ibren'atioi« show that carlion content gcnenlly increases 
progressivelv with dqjth in any verticul succession of cnal beds although 
sotiic excqitiora have been noted that probably are related to difieiences in 
onginal composition. Neveithckss the rdatk-c rank of coals of similar ages 
seerns to have been detmniiicd mainly by depth of butial. .Mternpts have 
been made to work out these relatioos. EWdently they are not straight-line 
fniictiffnj snd the details (lave not been determined, ‘rime also is an impor¬ 
tant factor, howes'er, because most Carboniferous coals have attamed foil 
bituminous or higher rank whereas few Tertiarv' coals have done so except 
where thc\- have been affected by sesere structural defonuatiem (see Figure 
16+ j>. 661 iJT nt^rtn' A^olcaiiisui. 



Fgvra 123. D«gram ihovrirtg; ihrt propqiiiqfn of cQmtKuQntt tfi moj m 

dBiOnncriEd by proJcTnmlr onctE/lk Md»Iuf^ COfltont dacmam ropldfl^ m the eofty 
wta^i. DacjiMBe in vobtll^ ™t*Br u much more graduerL Fixed co^n attains ?h 
peak If1 tmthrajUt-. FeauHorly. ihtf mahlure conttttt ^ftnaroEty ificjeaum beyond thft 
stmJQDShrncits Hogs. iAfia^f Campbell. 193C. Fcon, Gfrp/., «ol, 25* p. 6SB, fig. 4J 


Chemical alterHtlon aud increase in the rank of coal is accorapamed by in- 
Ctease in density from about l.|> for average lignite to LdO hr aiithiarite. 
Volume decrease beyond the peat stagn:; therefore, is related to loss of sub¬ 
stance by dyniamuchcniical decuropositiun and iiictcasc in density, and not 
to decrease in porosity or compaction in the tndtiuty sense (sec Figure H9). 

T ut3 Orguflie Series 

The foregoing discussion i% ctmeemed with the process of coalificaEion, 
whidr fnvnhT? the driving off and loss of decomposition products. Tlie coal 
is a remaining residue whose molecules become progressn-dy larger and 
denser imtil the graphite Stage is almost reached. Coal molecules ctmtairi 
hniidreds of aroms (hot appear tt> fic arraTiged in very complex farhou rings. 
This process, ihcrefore, can be Itktncd tn polynierizatinn. 

The alteration of nigaiiic matter that produces petroleum and mtuiat 
gas follows a similar but romewlmt different patli Here larger organic mole- 
Ltilcs are broken dmvn to smaller and simpler ones. This is indicated by the 
general decrease in gravity and mcteasc in paraffinic tjnality' of petroleuin as- 















3i8 stratigraphic PRINCIPLES AND PR^ACTICE 

sociiM ^th DldCT^ dcepeTp and more defonned mcks. lliese rculi^ may ht 
compared to decking. 

In a wny^ the alteradoos diat produce coal and pctmleum might be cour 
sjdered the two halves of a ^gle process but there are traportaot differences. 
The decomposition products lost during coalification are nor similar to Uime 
ccmsUtUtuig petmtcimi, and probably Ihe reiidiics left after the development 
of jsdtrrdemn are mt similar to coaU Also if h t^cII known that much coal oc- 
ctm in strata imiccompanicd by pdrolemn and tliat much pdtolctrm is 



FIXED CARSON. PERCENT 

Figure 129. Curve TeprEi»en|fng vdume cbcime from n«v^ pear 1o QraptiElB 
oolcvtaiect on bom of ceriaUi ou-unipHom regarilmg the decoy of peoi and die 
uTtmifiOfion of moiir^s ond vololhla in t1>e development of progressively 

higher rank «oU. Weilef, 1959. iuW. Am. Amc Pefrotebrje Geot vqI 43 

P 303, 15.1 

present in beds oldei than those coubtinnig coal. Ftohabl? the differences tn 
organic dcgndatton leading to cnal or pctmleum were dctemiincd bv carlv 
arviioiiiiicntat fnetun, and the patterns were set by different lyptt of bac^ 
tcrial decay occurring under trsh and salt-wnter emditioas respectively, 

DEPOSITION 

The depodtional enviruiiment of a sediment is indicated by (1) its min- 
craltjgic end diemical rompofitbii, ( 2 ) th physkal characters, and (?) its 
fossils, Tliesc criteria arc vaiioiisly significant with respect to rliffbcnt kinds 
of Kilinient. Indivttlital crileria are variously mefnh also, in the rccognilfoa 
of different features of the cm'iromnent. 
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Mmeralogic ond Chemical Composllicn 

The ctrmnicjTi sedimeutaTT ’mincriLls arc di\*isible into tftt) dusies^ (' 1 ) silka 
silicates and (Z) carbonates. Thdr ocGurrences and distributions aie par- 
ticularlv important in indicating the relations of 
dcpositioiiaJ and sediment-prodiicing lands. 


Defritjl Mtiierdfi 

Detrital miners b an: transported by water, wind, 
iitiil ice;. They arc dq>ciritcd in a great variety of ein 
^in,mment5. With few and xdatively unimpcrtt^nt 
exceptions they are the only minerals dt^posilcd frtsrn 
Bowing water on the bnd and they arc the constitn- 
cuts of all duviiil deposits, limestone pebbles, the 
principal exception, may occur with detrital sum- 
emtsK Detrilal iiiinetaL^ also arc deposited In standing 
water of tlic and bke.^. In these sitn^tiom the>^ 
acctiinulatc mainly in areas reached by appreciable 
ciuTcnts. and thick deposits generally identify shal 
low^-water or nearshore locations. The thicknesses of 
detrital deposits are dosdy conttoDed hy water 
depUi. surface gradient* and tectonkm. After serfi- 
merihition has built up to wavektsc in a sbhie basin 
or to grade on a stable land surface, deposition is 
halted. Additional sediment is carried on to farther 
areas. Enormous tlricknesses, however, can iiccnmu- 
late ill subsiding regions. 


> 

< 


P 



SANDSTONE 



Miner dk 

Although clay iiiinerals respond to cnviruamental 
cotiditjons, tlieir reaclians are slow, 2 nd day miners 
alogistsb do not agrc!^ reganliitg alterations that may 
indicate differences in depositioual aivironnients. 

Montnioriflonitc has been rcjjortod to ch4inge to 
illite Uncler marine conditiaiu, and illitfe gcnctally 
dominates in marine ihuta, piticubrly in PaleozaLc 
rocks (sec Figure: 130), MautnionllonJle is abundant 
ill some tiiudcm marine sediments, however. It is the 
principal daj miiTcral in some post-Paleoiiuic oiarinc 
deposits such as the Pierre Shale [ Grct. 1 and Porter? 

Creek Foiiirarion (Eoc. 1 . Perhaps the alteration of montmorillonite is mainly 
a resdk of later diageiicsis tliaa that which occurs in newly deposited •sedi- 
ments on the sea door. Kaoliuite may provide a bettermdci. It is reported to 
be unimpoitajit and commonly lacking in open-sea marine strata but may 


CLAY AND SHALE 

Flgi^r* 130 . Hii#*' 
groil^i liiowiing •proper 
•ton* pf ihfr principal 
cloy fnlnetali presenl hi 
PftHPsyLvaTiion K3nd^ 
jloofl'i □nd ihoffti of llJil- 
noij, lorgE ocnouni 
qf kodintlH In 
fionp) luggstH lliot 1h*sa 
firqfa qr« teirgffly ndn- 
mOfillA the pre^ 

pofldttranro* q| 
m lllltfl in ihal>E4 it con- 
i^ifenf wir^ rhe d^poii- 
llori erf moFiy of rhv« 
bqdi fff o moflTHf wnvU 
ronmqnl, CABor GEnsi 
qnd olhfi-i, I95fi. Boa. 
Amr Aikk. Pe^rotEuin 
G«L ^ 1 . AQ, p. 753 , 
(jg. aJ Sqq olip Fl^urq 
230. p. d07. 
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constitittc up to nearly' K) percont of lagponal deposits. Its presence probably 
indicates near-shore sitnjitions and generally rapid deposition. On the other 
hand, kaolinite dammatei jn many lacustrinE sediinents, and illrteis likely to 
constitute less than 30 percent of the clay ttimeials unless the deposit U cah 
caieuus. 

Carbixnatat 

Carbonates are much better nidices of broad differences in dqiositiorml 
environment. Witli few and uiiiinportant eKceptious. such as calcare- 
Oils tufa, cave onyx, and some dolomitic sand, they identify’ dqxnition in 
standing water. If the deposits arc thick and extensive, marine conditions 
ate indicafed because Jakes ate conipaiativcly small and impermanenL 

Most cubonate ^imeiil is pitidnncd by’ the aclivih- of organisms. It is 
fottneid raoit abundantly in water considerably less than 6(J{I feet deep where 
light penetcates to the lionom and conditions ate most tavorable for life. 
Very' little calciuin carbonate is known to have accinnulated in deep water 
before the appearance of pelagic fotarnmifera. in late Cretaceous time. Since 
then, bowev er, llie shells of these and some other pelagic aultnulv have.>vcttkd 
over large areas of the deep-sea Boor. Tfieir rate of depositian is very .sW. 

Calfiimi carbonate depositiois is influenced by temperahiie Conse- 
ipicntly it is most important in tegions where the water is temperate or svarm. 
WTicjt carlKinatc sediment predominates, a situation far from land is indt 
cated nr ntsnhy land is low and it provides only small quantities of detrital 
sediment. Little difference m significance can be lecogrii^ctl betwuxn litiie- 
stODC and dolomite except that dolomite may indicate verv shaTlow-watcr 
situations and is uni ikely to occur in fresh-water deposits aurwheie- 

fTvdportfej 

Gy^m, anhydrite, iiuJ rock salt arc dqitisits chajacteristic of a highlv l e- 
strittivc envimnmerit tliat rjimot be mistaken. Most of them idcntifv shal¬ 
low hasm.s in relatis'dy and tegions that were imperfectly or intemiitteiiily 
conticrtcd with the sea. 

‘Vraa: Elernenti 

Some evidMicc is accumubting tlrat certain metals present in sediments 
in minulc ammmts occur in proportiuns varying according to differences in 
depositiniial aivjniniiieiits, Thus boron and rubidium are reported to be 
tnOTC ahundatit in marine tlian in fresh-water deposits, but the reverse is 
true of gallium. Nictcl and vanadium appear to be associated parliLiilarly 
with organic material in mat me strata, but copper, zinc, and tin occur in 
greater concentrations in siiuibr ftesh-water dcpoiib. Tlic thorimn-tcHnw- 
nium ratio has been found to be high in noii-niariue sediments, iutennediatc 
in ordinaiT manne slialcs. aud low in nrariue bbek shale, coal, limestone, and 
evaporites. 
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Physical Characlers 

Ilie textures, structures, and colors of $Mittn;titary rock? were cousidered 
m Chapter 5. Some of these and al?fO latter piivsicaJ cliaracteis* such the 
form and extent of sedinientai^' bfidte?, 4Tt psirticiLlailj' useful in rein ting 
deposition to phj'sscnl forces. The infliicncts ot currents and waves that 
transport sediments and constitute important clandits of then environ¬ 
ments, aod the deptfi of water m which sediments were cleposited, are more 
or clearW indicated by some sedmentarj* structures. 

Coersencss 

The co^tT^cncs^ of sedimenL is a measure of the transportiiig power of tire 
TTicdium in whidi it was deposited. In fluvial sediments it indicates the tiiai- 
imum current velocitj?. In sediments of standing water it leflects the com^ 
bined action of waves and currents. Dctrital sediments include the coarsest 
particles titat can be ttioitd no farther* but a calcareous deposit that was 
formed essentially m place consists of those particles too large to have been 
niDved aw'ay. 

Pebbles and huge rock fragmen ts ate moved rnore nr less easily hy many 
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Figure 13 K AFiofifie* HMflmmiti from rii» cemral Tekoi GutF coqif Tht beach emit 
neerr-^hpre ledlmenH are iltStlnaly daffeient — compose A ond fi wilh C Ofid 0, Beodi kotid, 
Howevsr^ tf c^siderabf)^ COOrsiftt than fifitir-fhare Ecind-—com pore £ ond F Caea ako F^gi>re 
^ 6 , p. IMK Thfl plui I mm haciiOA c^niisn at shsiEi which ore mre in the neor^ore 
□nd imer-theif tedJmeflts. Ttia wKraMrrrg praponKani pf the ^4-1* mm. froctiom fnani fhp 
neoT^Kare eufynord oppear pnomalPti^ hvl resulf moinly #r 0 m a greot incnrcn^ in the 
number of foranrin if am occufrmg In IhH lUo Fpege. iOaki fom Shepcird ond Moora^ 
1^55, Am, Asscic. fsfrole^vm Geol.^ I^ol. as. p. T503, frg. ■JSJ 
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stremu autl ore deposited i^hcrre cnnenls slacken. In bodies of standing 
ss’atET tliei" otdiiiatily are confined to a veiy narrow zone of stremg ware ac¬ 
tion along the beach and decrease in size with distance from their source. 
Wave action is not strong enough along most coasts to move sand appre^ 
ciably beyond a depth of about thirty or foitj- feet. Sand may be earned far¬ 
ther at some places by strong offsliore currents, blit mainly it moves parallel 
to the coasts. In normal oEshore dc^msifs the grain size of dctrital sediment 
may be expected to decrease regularly and gradually outward from tlie shore 
(see Figure HI), but many mcgilbritics occur. xMud b trapped iu pro¬ 
tected bays and in the shallow water of mangrove swamps. Sand and even 
gravel in deq> water may result from peculiar topographic conditions, the 
action of density entrents, or be inhciitaiiees from fonner lower stands of sea 
level Muds are spread far and wirte in dcqrer w:ater. Calcareous material 
may occur m patches sufrounded by other scdimetils where local cuitdiliotis 
pemut abundant lime-secretinf organisms to exist fsee Figure 220, p. 581). 

Saftin^ 

The size sotting of sediment is a meastitt gf the selective action of the 
tmuspoTtiug medium. Its degree of perfection may aid rn the identiheatiou 
of the medium, Gtaciul icc is wholly unsclcctwe, and till is a mixture of par¬ 
ticles ranging from tlie finest to the coarsest. Mud flow’s produce similar dc^ 
posits. Soiiineiits deposited by rivers and smaller sttCiiins, including all hut 
the finrat layers ni flood-plain and deltaic areas, arc likely to be poorly sorted 
because of local and varioblc cuiiait action. The dctrital sediments of large 
bodies of standing water, paiticularly the sta. genendJy are much lictter 
sorted because wav e agitation keeps fine material suspend^ in itlmllow water 
and eventually camea it out to sea while currents move coarse particles along 
the bottom. Most widespread marine sands arc w'cU sorted. Tlic tiest ap¬ 
pear to have been deposited in transgressing sear, lire rnost perfect sorting 
is accomplished by the wind. Eoliaii sands also commonly toiisisf of rounded, 
frosU-d graiiii and possess pronounced and irr^hu crosa-bedding. Maiiv 
limcstoucs are less w’ell sotted tb.in oilier m.mne deposits. 

Sediments whose sizes and sorting have been studied are commoolv de¬ 
scribed in terms of their median dimensions and a sotting index that is a 
mpisure of fticir spread in sizes or tlic perfection of iheir sorting. Tliese 
might characterize the scdimimts of a deposit adequately if idi materia) 
were transported in a similar vstiv. Alany sedinients, however, are mixlures 
CDUsistingof one fraction that was moved along the bottom and .iiiother that 
irai carried in suspension, lire proportions of tlic fractions and the relations 
of their sizes van’ considerably dcpeiiiihig upon the cireuiustances of their 
transpoftatiem and depositum, Hiesc differences become apprent if com- 
psrisons are made Irctwcra median size and the size of the coarsest fraction. 
The plotting of such measurements in graphic form shnw^ llial different 
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dutribution patterns are charactmstic of di&rcDt kinds of sedtoient, as 
shown in Figme I^. 
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Figure 132, DiDgnim aliowjjig llral fhs rebtioTit betVrAvfl thm cwarmJ frtic- 
fiofl of a and Hv mfiiflon prpv^e «viii«DCE ifiat can oid bi 

the d^!irmlniilk37i of iti meant d tmnipoffccHan ond #flTin3flTneirai d deposrtkMi. 
T>l« ouHJrwd ar«M ihaw ttt« ditfribulion of po^H on a lerlet of Kotfv din- 
flTOnis. iAhsr Fouega, \9S?^ Bull, Am, Aiu^ Fe/rdoum GboI^ rol 41^ p 1173 


Sedimmtmy Structures 

Sedinicntsi)' stmctiues, mostly of small scale, and markings prcsened on 
sedimentniy surfaces aic s^omty smiceabJe in identifying some featriTs 
of sedimentary en^inmmenb, particularly depth of water* 'Thtis mud ciacks, 
hacks of land animals, rain prints* and impressiojis of salt and ice crystals all 
indicBte surfaces that became tempomiily emergent as on the flood pIsiTis of 
streams or adfacent to a shore* These are not common, and all are KStrrrted 
to fine-gmliied dctrital material csccpt mud cracki, which may occur m 
limestoiie* Also the more or less local presence of thip layers nf limestone 
CongUnneiatc in a limestoiie matiiK generally records simi^r emergence* 

Shallow-water sediments are marked at many places by cruss-bftldtn^ rip¬ 
ples. load casts, and minor ciosibn features* If they arc abundant, a shallow- 
water emironmcnt is strongly indicated which may have been flur ial, bcus- 
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trine, or tmrine. None of these featmes, lifnveverp is ewliisivclv restricted to 
shflllow-wiitcr sittiiitioiis. Cross-bedding may be eolian, rippled luve been dis¬ 
covered lit depUn beneath Llie load cists pmhiibly ore ;it liesi in¬ 
dications of rapid depositTort^ and softne erosion can neent wlicrc^en: snffi 
dentlv strong currents 3ow, All of these Features Teqsiire moderately coarse 
sediment for thdr dcv'^cTopment and preservationH hot this may be either 
dctfital or cdcarcaiis. Many ihantm-rvater deposits, however, are Jiol dis¬ 
tinguished by any of ihe^c fcatores. 

Deep-water sedunents are more regular and generally finer grained, Tltc 
only fcaime dcfinildy su^estive of this mvironment is graded Ixrddtng of 
the type ptoducHj by turbidity curreiib, hut sucli beds may have hsam de¬ 
posit^ in Tncwjerately shallow w ater, 

Slump and How structures^ such as contorted bedding and boudinage, gen- 
mllv kltmiih sediments deposited on sloping surfaces/Hic mclinatiou nmv 
ha\T been very gentle and no infoimalLDn regarding depth of water is pro¬ 
vided. 

Cclom 

Colon, niore than Any oilier rock feature, provide in forma tKin about the 
oicidiriTig ot reducing condition^ of a sediiiientaiy fnviionmcnt. Dark srav 
ur blade eonituuiJy indicates the presence of organic matter and reductiotK 
CAtefui dijtuicticni must be made, linweveTp between rocks that are curbriii;!- 
ceuirt or bitimiinuus, and tliose that ate daik because of ilicir iniiiml ci^n- 
stituciils such as niany gravTJV'ackes and volcanic sands. If in addiUou jnTitc 
or maicasite otrins, strongly reducing conditiom probably prevailed. On 
ggnic-rkh sediments and iron sulfides do not necessarily record an cnviraii- 
ment that was anaetohic. Strong red colors arc sure signs of oxidjiUon and 
arc most likely to identify tcrrcstrml deposits. Green cokus in scdiniEnts 
most coniniunly tesult froui die presence of gJanctmite wliidi k iichcvcd to 
have dcv^Iiiped on relatively di allow' vea bntlcmis where depositmn vv^is sIctw 
and conditinns were mildly reducing. Most nthcr rock colors art indeter¬ 
minate 3i far as the depnsitional environment i$ coacemed^ and other evi¬ 
dence must be songhl. 

Fossils 

Fossils aie by lai the most impOTtanF potentLd means of differcntiatiiig 
and identihing depositKiaal enviTonments bccau^ tlie existence of orgorh 
isms at any pbcc and their distribution wnrhin any region are so dosdv con- 
tioElcd by cnvimnniental conditions {ecc Figure Oil , Tlie corTTplexiiiEs ni 
ecology liowcvcr, and the more or less unknown rcciiurement? of most or 
ganisms occurring only in the fossil state make all inltTpictatiou diifinrit and 
much of it unsure. Futsils liave long been irsed to distinguish marine and 
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nan-marine stmta but be>'ond this their potentialtdcs hare not bcoi folly 
TCdltxed. Hie entire subject of mtciprctative palcoecology has not received 
thcattentinn itdesmes. 



figure 133. Mpp of Ihs TexOtMvxicfin regJan Jind<callng I’hg 
probobk relghve fff Tht Umj dipring HW« iCret.) rsp- 

rsssnt^d by ibc THnHy^ FrudHPfkkiburg^ and Wpthjfa lormertipni. 

Thtj piUFfpriEloliOif) U baud hioJitly kfpOn the dilflibut^Pfii. the 
typt& PinrtionilH shown Jn Figure p. 21R. 

Scott, 1^40, J. Ptshan., vqL U, p. S!8, fj 

Ocamence 

The Sist feature nF palcontologic significance that Ls nuied by uny ob- 
seiver is the occurrence of fossils srithin a stratuniH Tlie absaicc of fbasHs is 
not sininarly noted because absence can be estahlisbcd Only by a very carefnl 
search, \btny geologists arc not particularly interested in fosjrils and little or 
no search may be made for them. E\'en rather obvious spetrnjens may 
be overlooked in any casual inspection, ft is esccccdiiigly iinportaut to reco^ 
niae, therefore, that any eii^iTonnientol conclusions U^cd on ifie apparent 
absence of fossils falls intn a different class from oinclusinns ha-sed upon 
their presence. The absence of fossiils provides only negative evidence svbieb 
never is condusjvc. Mo atiiouut of searching can ever piave that an organism 
sras really absent when sediment was depositeiL It cannot even pmse that 
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fD 6 sils do not now exist because there is alwu^'s a chance that the next piece 
of lodi- broken or turned over u-ilJ reveal a specimen. 

Almost ci'Qy modem faum includes nujjietans rnembm that are im- 
likel).' to l>e (ossili^ced. and uiost plants are ill suited for preservation in recog¬ 
nizable form. Tlicre is no reason to concliEdc that ancient Eaums or Bores 
were diflctcnt in this respect. Cunsciiiucntly even the most piulihcally fossil- 
ifcrmis rock is practicany certain to contain a notably Uicoinplcte reprcseiila- 
tion of the organisms that constituted a community of the past. An exceliciit 
example uf almost totally unknown kinds of extinct creatures is provided by 
the Burgess Shalt {M. Camb.) of British Columbia in Canada. Ihe uTuc(ue 
fauna of this formation is famous because of the variety' of strange $oft-bodkd 
animals it contains. Ihey are preserved as tiiiii carbonaceous films that some- 
how escaped destructioiL Even under the very excqjtional conditions of 
preserrialion at this locality, however, the plants that must have existed at 
tills lime and place are utireprcseated among the Fcssils. 

TliE remains of all organisijis are subject to complete destmetion. Even the 
sturdiest shells can be worn away before burial or dissolved afterrvaids. Fail¬ 
ure to find fosstls, therefoie. may he indication that ( 1 ) careful enough 
search has not been made, [2] all lOcogniTable traces of oi^nisms Lave been 
destroyed, or t >) organisms actually were very scarce or absent when the 
sediment was deposited. 

E£orts should be made to learn, if possible, how the remains of organisms 
were destroyed or wdiy an area was iminhahited. This i$ as iniportsint as an 
e&)rt to detcmiine differences in the environment a; indicated by the occur¬ 
rence of one type of buna or flora rather than anotlier in certain strata, [f 
answers can be found, tiity are sure to have meanings of some importance in 
the Fcconstmctiou of depositions! conditions. 

Ahundonctf 

Tljc second paleontologic observation likdy to be made by any gcologt-it 
concerns the lelalive abundance of fosslU, particularly tlic larger'and more 
conspicuous kinds. Abundance of specimens bear? no necessary' relationship 
to the onnibcr of organisms that actually lived together in any area betause 
(I t an imknmvn piuportitm of the total fauna and flora has mrt been pro- 
served, ( 2 | thd h>ssils are an accumulation of specimens lepreeiiting a 
longer or shorter undetermined interval of time, and f^) iJie remaiiw of 
some organisms may have been removed from the area of otMm^tiim or 
some may have been brought into it from another area or another eniiton 
meiit 

The number of fnasil specimens present commonl) varies cunsidcreblv 
from bed to bed orfrum zone to zone within a smgfc b^. This variahilitv rt- 
fiects the changing relations of the factora meiititmcd and also dianges in’ the 
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local papulation density witli time, Tlic flcfationships ate complicated and 
probably unstable, but cjieful studies may provide some indicatioii of tficii 
relative impaitancc, llie presence of abtmdani perfect spedmens at a bed¬ 
ding pbme may luve rstiltcd from 
tlie veiy rapid buriul of a living popiila- 


lion U'ltose remains, if not protixted m 
tLi$ way, would have been much dam¬ 
aged or destroyed. Concentrations of 
abundant fossils in thin layers: most 
probably record elUier the mtermittent 
transpottatioii atid accumuiatinn of 
specimens m a particuLti small area nr 
relatively brief intervals of rime when 
Imal conditions were especially favora¬ 
ble for life. TTie comparative scarcity 
of specimens to other layers on the 
conCraiy is more Hkdy to indicate the 
action of dtshuctive processes or rapid 
sediiiienbiry deposition, 

Few areas on the sea bottom today, 
except in anaerobic situations, are to¬ 
tally uninhabited by animals (see Fig¬ 
ure 13d), 0\'er [be coarse of many 
years required for the depnsitimi of 
slowly accumulating sediment, even a 
very sparse population should be Indi¬ 
cated by many fossils unless destme- 
tioii was effective and continuous, [f 
destruction of certain kinds of organ¬ 
isms w'as iacomplete, specimens in ad 
Stages of disinlegnirion might remaio. 
Observations reveal that many strata, 
and particularh liniestoiies, pintaiii a 
much smaller number of fossil speci¬ 
mens than might be e5C|>ected consider¬ 
ing the sIcTwness of deposition of many 
marine sediments. Commonlv tlic fos- 



Flgifre 134- Cum showipi9 
bef of moNkiKan ip^cknortL |mr 

wmpk dredged ftom fwi^uri gkpttn hi 
1*1* San FfldfO basin beFween Sants 
CataPna htand ond ihe CoUfor^rki jnfUFi- 
Icrnd [seE Figuffl Sfi, p, 24fl. Tbe deni«El 
TtisUiiican populatkoni tKmr at 
corrmpandlng lo Hit outer iwfffSc temo 
[ehd Rgurs S5, p. 1^31 The grumBU 
vsrwty of ipm-m CKCur^ ol wrMwhat 
sJiaEbwor dflp^tfis- sGerw rati red from 
Bcindy, \ 9 $B^ J, voi 32 , p 71 (f 
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sits that do occur arc preserved 
and uiiaccorapcmiwi by niajiy dam- 

aged specimens, llic reasons for such a seemingly inadequate repfcseutatioi 
of a probably cGiitimiously existing fauna and the excclleiil presewation n 
the spetimem are not immediately apparent. 
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Variety 

After abundance, the ^uridy of fcfSsiL present in a stmtuni is ned noticed. 
Regardless of the abundance of specimens, liowcver, there aie great differ¬ 
ences in the number ot species represented in indisidunl fosiil launas and 
floras The variety commoniy increases with greater abundance but at a 
slower rate. Tills h not paiticiilarly significant because there is a better 
ehairce that imiisual or rare 5pccii=r uill be found among Hit abundant speei- 
mens of a large collection. On the othet Icuid, specimens, although ahin> 
dant may be ven^ ttstrict ed in variety. 

Modem faunal communities of the le^'cl sea bottoms, similar to those 
where uiost fossilifcrons strata accumulated, genemllv consist of a rather 
suiall number of species possessing presentable hard parts. No definite uum- 
Ircr of sucti species can he specified because it varies ^om place to place and 
probalily Iras varied in the past from hme to lime. Perhaps a tlmen fairly 
comrnttn specift, cscUidiiig microfosslls, is a reasonable figure not liicly tc be 
ctcccded within the restricted area repiescntcd by many oulerops. Any con¬ 
siderable dtviatioa from ibis rurmljer requires e?cpJaiiatioii in lertuv of factors 
that caused rcstricticm in ^uricty Or poit^tdily permitted die trslstence of a 
more diverse association. Mrtnyrq>fjfTted fo^il lauiias Lticjude a much greater 
IItimber of species, but lists of this type generally ate not smiccable for eco- 
logic annlvsifi because the spcomciuj vv™ found jii diffeceiit beds and at difi 
ferent places, and inadequate distinction was made between common and 
rare form?. The i lumber of species, lliat is siguificaDt is only the numljet tli^t 
actually lived together and constituted a single local couinmtiih . 

A wdl-C!v(ahlkh«l biologic principle is that life is most diverre where con- 
dition ’5 are most favomhle for its existence—in olha w-ajrd^, where the firw- 
est adverse condlitifms must bt uveroome. M life is organised on earth, an 
optmiuin is reached where teuipciatiire is warm, and piOiStnre and sunlight 
arc Libuiidant. Tins cnviftiTunent requires the least adaptation and specializa¬ 
tion lot iucrcssfnl living. Such condittons are most pcrfccily met in ilia How 
tropical seas aiid it Is there that intimately related biologic Lumnimiities art 
most diverse, 

liisofiiT AH any [actai of the cnv+rimmcnt clcvintes from fJic ideal, living be¬ 
comes inore difficuh and snmc orgimhms are imable to compete w ilh nihm 
that have sticcecded in adapting themselves to less fa'VTuable ennditioDs. jTii^ 
docs not mean that liie is less abundant but only that conjinmiitiEs are less 
divmc-As deviation from the nptiirmm in any or alt wa^'s becomes more and 
more pronounced, themimhct of spetaes that can stmavc dccre-ascs. 

Tim principle can be applied to the iiiLerprecaticm of variety in the Tium- 
her of associated organimiv limited only bv the fact tlut fo^flil fauna a 
nre ittcouipletc recordt of the foimer cnmmiuiities. It veemA ceasfinabk iu 
gcueral lo kISsutuc tliat dcaeaie in the uuiiibet uf Imsil species bclow^ wliat is 
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consitlercd for a favorably Sima ted conmvuiiity' is indjcitjqn of cor- 

respoiiduii; dccrej.K lu Hit lolal number of associated species. TInMcfotc iti' 
quiry* can be made m au efiurt to discover bow and to what esttent the local 
environment deviated ftnin tlic optimuin. Also if the noniber of fossil species 
is too great, tlje fossils may be suspected of being lepresentatitt of membeis 
of mure than a single mtegrated comm units'. 

As'srxtiatron 

Chaiarteristic associations of both ( 1 I certain fossils and certain kinds of 
lock and different kinds of fossils commouly occur rin g together liave 
been rccogni/cd by maiij paleontoIoEbts altliougb thee relations are tareTy 
lemaikeJ apem and are likely to escape notice by other persom.. Both types 
of association have ens-iremm^tal tmplicotitJiis. The first type appareully is 
determined mainly b) phnicat factors of the environ merit, ‘hie second prob¬ 
ably rellects botii physii-aJ and biobgk features, As far as stratigraphy b con- 
eemed the strictly bmlogic factors, such as food rdationsliips, all oigaiiic 
competition, and seveial tjpes of mutually beneficial association or umtiial 
repulsion, are uiiiniportanl except where a notetvortfiy haciiun of the sedi¬ 
ment is of biologic [irigin. 

Because biologic factors phy a significant part iti all bio logic associations, 
farnias, and lo a somewlial less extent floras, may s-aty considerably from 
place to place within a region wIictc the physical cTmiroiiiDental factors are 
practically identital, Consciiwently the pliysical vanability within a deposi- 
tiona! area may he much less tlian eonspicuous diffcrciices in fossil associa¬ 
tions iiiight suggest. On (Jic Other hand, if any notable phiriical differences 
occur, they are almost certain to be refliKted by diffeieiices ni the fossils, 
riiercfore. the first pioblem, as far as stratigraphic iiitopretation i.s c«n- 
ccTued, is ft) dlsfinguisli between the results of hiulc^k and physical factors 
ill the local environment. 

There is no rasy solution tci tim problem. Perhaps the best way tn ap¬ 
proach it is through dost attention Ui the association of individual fossil spe¬ 
cies with litliologic charactcis. Some spec ier are almost nowhere foimd ex¬ 
cept in a ecrtain particubr kind of rock Others occur more or less iiicUscrim- 
iii,itdy m many kinds. Obviottsly, duirnbutioii of the fEirraer kind of fnsiiU 
was ton trolled bj factors closely connected with the dcpasitiuiial environ¬ 
ment whereas tile biter Lind may nnt have been similarly restricted. N'eithci 
of theve types of ffissib is, likely tn be seiy useful ni iiitCTpretatimi. Some 
othei fossils, however, octmring in rtjcte with a linuted range of UthoJogjc 
v-rriability, nraj' pm\-c to f>c more serviceable. Next, the biologic associatioiLS 
of the second type of Fossils should be noted with resjscct to nlhcj individual 
spccics and also the abundance and vanubiiity of all species pattkularlv in 
vertical and lateral sequences w'lierc lithologic cliaractcn grailuHlIy change, 
riiesc changes probably mdicate such things as gnsitcr or less water depth or 
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distianoe from the shore, more oi tess aemljon, or variation in ralinilv. Cbr- 
tojpDiidiug and gradual cmsislent diaiigcs in fossil assocktiDtu. and other 
simiLii comparuom may reveal some featuics permitting the recognition of 
a sort of biologic spa;tTnm that paratleU variation in the physical environ¬ 
ment. 

PnescTTtftion 

The remains of o^nisms vary greatly in the perfectiDti of their premia• 
tkm, Fossils range all the way from ipedmctis apprently unchanged ui any¬ 
way. CS'Cn ittaining the color markings nf liiiiig indirtdnals, through thiise 
that arc more or less bleached, crushed, recry^tallized, replaced, dissolved, 
wimi, tiagmcnted, and decayed; finally they grade into calcium carbonate or 
organic material that certainly was derived from organisms but cannot other¬ 
wise be idartified. Al! cliai^ of ilicsc types reflect the action of physical, 
chemical, and biologic processes that aficcted aigairisms and iheii nmiaiiu 
from Ihc time they were living to the prevent. Undoubtedly most orgauritns 
liave diiuippcared so coinplEtdy tliat m> tangible trace of them remains. 

The features of fossil preservation Llint arc significant in the mterpretabon 
of depositkioiil cnvitniiments are thoi^ that affected the remains of organ¬ 
isms withoitl ctraipktcly destroy ing them or elimiiialinf all evidence of their 
existence as they lay on tlie sea bottom or w'cre shallowly buried in the sedi¬ 
ment 

Two classes of fossils differed with respect to the nature of their preserva¬ 
tion: ( 11 those lafkitig nriiicnilBCd hard parts, like graptolites, whose re¬ 
mains were very delicate and fluhfcct to rapid decay, and (2) those with shells 
or tnifictalized stipportiug skelrtnnv. Tlic hot kind could not have survh'cd 
much agitation nr transportation by waves or bo (tom conenls, and the fos¬ 
sils generally owe their preservation to prompt burial or the protection of an 
anaerobic enrironment. 

Calcareous and other mineralized Jtroctures of organic urigiii arc much 
mure resistant to destmetive processes. WHien buned and removed from the 
realm of physical forces active ou lire sea bottom they ate mainlv altered 
chemically or by solution. Carbon dicuide and hydrogen sulfide produced by 
(fifi Iracteiial decay of sedinieritai)' oiganic matter reaults in increased acidity, 
and calcareous shells may be dissolved cmnptetely or replaced by iron sulfide! 
In some black shales fuss ill cotUist of no more than iiiipressioris where ihc 
shells once lay. Aragonite is more soluble than calcite and in some Time- 
stones the aragonitic shells of aifilittscs have been removed whereas caldtic 
bnicliiopirds and crinoids. for example; arc well preserved. Shells that were 
originally aragonitic fared diftcrentiy in some muds and shales whose low 
permeability prevented neater movemait and Soluticm althou^t the shells 
generally have been replaced by calcite. Tlje lemowl of calcaroms fossils 
from sandstone and the foimatioit of empty molds eonmionty occurred only 
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after strata wct^ uplifted and entered the zone of actively circulating gmimd 

WJltCT. 

Shdh and other mineralized organic structures Uiat arc not promptly 
buried deteriocite as Ehej lie upon or are moved along the sea bottom. Re¬ 
mains that have suffered in tliLi way msy be classed as differrat tvp^ (ihovii-n 
in Figure I55j- If these can be dis¬ 
tinguished from each nther in fo rma- 
tion is ptQv'ided regarding some 
features oF the dcposiii<inat envitoii- 
nieiiL. Fossils of Type A were not 
reoicivcd fnrni the place where the 
organisms lisTCd and were not ex¬ 
posed long enottgh before burial to 
have been Tmich damoged. Fossils 
of Type B lay m the surface for a 
protracted period of rime without 
being iiiovcd away because deposi¬ 
tion W 2 S vet}* dow and cnirents were 
weak. Tlicy may iiave been pitrtly 
dissolved, broken by scavengers, 
bored by spintges, scoured by drift¬ 
ing ^ancl, or covered by the encrust- 
Lng growths of other organisnas* Fos¬ 
sils of Type C were picked up and transported by bottom cunents. They may 
have been broken and mndi abraded. Fosiils of Type D wm transported 
after long exposure, were eacpos«l after being moved, nr snficred the effects 
of these processes alternately. Eilhcf exposure or tTausportarioni if contmued 
tong enough, resulb m tire complete datnicrrion of the remaiiis of organisms, 

Sorftng jfid Orietiiatian 

Currmb id the sea are capable of sorting the remains of organisms just as 
they^ sort niincta! particles. 'FlierefoTC an accumrtfarion of fossils of approxi¬ 
mately equal $rec generally indicates current actiim. In Lhis process shape as 
well size and weight influenced the resulti. Tlie upposite valves of nmny 
bmehiopods and Mime pdecypodi differ eotisidmably in eom’Cxity, and 
thirkness. Among transported fossils it is not Lmeonimoii for the valves tn be 
separated and carried to different pbecs. Convex shelis are less stable in a 
cuTTent jf they lie on the bottom with their convex sideg down becaasc in 
this position tliey ate easdy overturned. Consequently^ an accumuLitijon of 
shells consisting mostly of one valve, rathei than both in nearly ei|iial mim- 
hers, and lying tonvot side upwards is evidence of cuirajt ti^nsportation. 
Because Ihe vafra of hrachiopods are weakly hinged and easily separated^ 
the presence of complete specimens suggests that Mtle movemeiit has cc- 
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cuned. The v'alvcs ni pdecyptwls ute iiEld more iccuielv I>y a liganicnt. buL 
these also are not lively to be csTricc] fai without sq>iiriiiiQti. If Ibe lipment 
decays before the shells sie buried, the salves will fall apsiit ena in the 
most tmnquil situatlou^ 

SheUs and similat objects offer more resistance to a. eurrait and are more 
likely to he tntwed if they lie broadside to it. Also mosin^ obiccls are most 
likely to come to rest with iheii long anis parallel to the crarent. If npple 
marks CKXui, liDwcver, climgatetl ohjciis sudi as fragmentary plant stems 
may Iwlgc behveen them and he oiieiited transversely to lire cuetciiL Tlie 
most stable [rosilioii of an nnequntly convra shell is that in svlitch the slope 
is tiiore gentle on ( he upstream side, I ligh^pned gastropods and orthoceratoid 
ceplialopods arc Tnost stable if the pointed end is directed npenrrent. Some 
rocks contahi fossils that are oireuted itkJ ihese relations senc to identify 
ciment action and may indicate the direction Ln svhidi the curreni moved. 
Tlic ahsciiLt uf abs'ioiu oricutatifni, limvei'CTi is tio( equiillj good evidence 
for the lack of currents. 


N'cn-maritie Enssrlf 

In the foregoing discussions rrmnne fossils have received primary if not 
exclusive consideration. Allhougli some conclusions may be drawn from the 
occuiTcnec and milure of lerreitrial fossils, these arc relatively uminpottant 
in iiitETpretariun liccause they arc compaialivtlv rare, nie physical and 
cheuiical fcatmes of iiun-maiiiic sediments generally are mure useful iiidi- 
cutnts of deposiiinnal ertviroiimcnts. 

Rates of Deposition 

Mention wp* made in Chapter Z of an early method used for estimating 
the ducatitjn of geologic time by dividing the thickness of observed strata by 
an as-sumctl rate of deposition. Ihidioactive dating now demonstrates that 
matiy of these evtimates were almost ndieulously deficient, ‘I’wo sources of 
etriw KJiiitributcd lo these results: 11) uiidereatimation of the greatest thick¬ 
nesses of strata lepresenting varioas geologic time intervals and (2) over «ti- 
mation of the sustained rateof depositiun. 

Estimates of the rate of deposition emplDyed in these calcukticFnii were 
little belter than guesses. Tluey were to some extent based on observatioris 
of picstrii-day dcpositiun. This is known to be rapid at some favored places 
but it varies greatly, and at (ither places wilhiii dcpusitioiial legions no sdh' 
ment at all is iinw accuniiihiting- There is little reason to Ldrevc that deposi¬ 
tion at the present rates is Itkdy to cantiime without much change in the 
iume area for sirry lung periuds of thae. In making com purist ms between ihe 
present and the past, therefore, it is tteccssars’ to distinguish between transh 
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toiy rates^ ^liicJi previsit for c<iniparativC’1y Irricf intervals, and sustained 
rates. lAiiicli are roii^b measures of average depnsitinii for lung periods. 

Tilt: fOTCgomg methixi of calciibtioD ran be levEtsed, T\\c dimitioji of 
genlngic tinid intervals, estimated tm the basts of tadioiictive age determina- 
tinns, and measuied tbictnesses of strata can be tumpared to produce ratiu.-i 
indicating either the average nnmbei of year? per unit tluukncss of strata or 
the average thickness of strata per selected uiut of fame. Roth are measures of 
tlie sustaiiacd rate of deposition. Calculatioiii of this kind provide a figure of 
about seven ttidics of Tertbry strata per tliousancl years in thal part of the 
Gulf coa^t region u here the shratigraphic sectism is the thickest. In coiifraNt, 
Falco™ii: straU rn tJie Michigan and fflinoir basins repreent dejiositioii at 
ail average rate of abouf ane-lnif ineh per fhousaud vTars. Of course, in some 
parts of these tiasins atid at some fames dqiositmn nndouhtedlv vvas much 
more uipid. 

Insofar as motlem or nc^r modem and ancient rates (>f dcpcisition arc 
measured in terms of jitratigraphjt: thickness, hvo correCLioin am required to 
make tlierii cotnparabk'. Tlic fet corrective factor h a variable dcpeTulenl: nn 
relative compaefiun. As a vc:ry TOiigli appro^malkm and sn average for ^Tl 
types of rock, percent reduction iii thickness ts convenient for applicatirm 
to an ™niple. Thm it mar be .isvuuied that the average rates of depojiition 
of new sediment, hefoie this whs subjected to the comiiachng v\ eight of over¬ 
burden. were hvice those that ba\'e been nienhoncd for ancicait scdimtrits. 

The second factor is much more difficuli to assess, h concerns an allow¬ 
ance that should be made to ccunpeusatc for the crusion and remr>\^l of 
forruedy existing drata at uiiconforniities. Terliary ttrata in the Golf coast 
legion probably arc not intemjpted by many ox imptuUnt erosional rmeou^ 
fomiiijoit and os far ui: llie>' are cuiicerued no correction of tJirs kind seems 
uccess^aty Many imLonformities, howeser* separate forrmations on the riiar^ 
gins of the Michigan imd Liliuois basins, \hisdy the interv'aJs of time that 
thc>^ represent and the arnonnt of erosion that was accomplished are uot 
knmvn.Tlic client to wJueli many ot these uneopifonnities continue info the 
central basin areas rvhere sEiuhi are ibc thickest alw* has not been dctenubicd, 
niereforc, thU factor cannot be estimated for these basinsi with an)' accuroicv. 
It does not seem probable, iiowcvcr, Hiiit a factni nf more than two is re¬ 
quired TJiis wiintd only double the foregoing estimated rah: or quadruple 
it if tire compaebon factor hIjo js considered. Even the average rate of 
deposition in thfse basins emdeiitJy was very slow. 

Recent and Pleistocene sedliitents recovered in deep-^ea cares and dated 
bv the caiboa H method show rates of depositioii ranging from less than 
one lo rarely more than two iudies per thousand lli^e are verv fijie- 
grained $edinicTits and for comparative puipcKes a (ar^ compaction factor 
must be used. If assumptions are made lluit die average rate has been one 
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iDch per ttoousaiid year^ and that comp(actioii would reduce voUime 75 
percent avttage Paleozoic deposition m Michigaii and Uliiiois appears to 
have been about dgbt times* and average Teitiirry dqiosition in the Missis¬ 
sippi delta area about fifty-sot times, as rapid. 

Cemsideoing that the ancient examples compared to (Birly recent ones con-^ 
cem areas much closer to the land, where presumably much more generous 
amounts of sediment were available, the smallness of the differences be- 
tween the cslimated rates of dq>[>s.iticm is surprising. The concluaion to be 
drawn !iecms to be tJiat deposition e^en in vtrj' favorable meas is far less can- 
tinnoLis than lias been generally realized and that most stiatigraphic sec¬ 
tions are interrupted hy numetous umecogiiized dbstems. Important also is 
tectonic control of deposition in sedimentary bssins. 'rhere, by-passing of 
sediment pTobably occurs on b large scale when and where the bottom has 
been built up to wave base, and further accmnulation is not possible until 
snteidoiceorming sea level displaces the bottom bdow this critical position. 

In itratigrsphjc vtudics, rates of deposition applied to rmits of the magni¬ 
tude of fomiatiouv and meinbets w^ould be most useful if they conld be deter- 
miired. Unfmtumtcly, acceptahly accurate estimate of thiA kind are not 
possible at present because the margin of error with respect to time interval 
is too great. The b^t results attainable seem to be no more than rough and 
relative estimates of ^'rapW or "slow'" sedimentary deposition based upem 
whate\^cr useful kinds of inlemal phracul and biologic evidence individual 
strata may afford. 

No critciion is infallible as a guide to the relative r:ite of deposition p In 
gencfral, a rapid rate is iudicated by coarse grainn poor sorting, mieven stiaf i- 
fication, thick bedding, bteml variation, and paucity of animal fossils 
w'hereas the opposite qualities suggest slcnvncss. These apply to both detrital 
and calearccus ^^liments although calcareous material at many pbccs is 
commonly bclie\'cd to liave accumulated considerably more slowly than 
detiiral. Tliii is not necessarily true everyw^here. Cross-bedding is a more than 
ordinarily good indicarion of rapid dqio^itionp and abundant fossils of sesiUe 
animals almckst equally indicate slow actumubdmi. Numerous plant fosaib, 
except in highly carbonaceous beds, indicate rapid deposirion, but abundant 
toot markings suggest tebtively static oonditions. Burrowing tmimab and 
mud-eating scavengers may obscure or destroy some of the djstingujshing 
charactm of slow accutiiukdon, particularty the thin and ei'en stratification 
of finograinexl sediments. 


TRANSPORTATION 

The phyncai feahrres of sedimeub and sedimentary rocks provide some in- 
foimatioit legandiug (1) the meditun of sediment trai^spoTtation, (2) the 
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distance sediraen! wa$ toiisported m tiic dunitiriu the hranspcntatiDniiJ 
episode in tlie hUtton' of a sediment, and (3} the diiectlDn of tmnspaftitjoti, 

Medmm 

The great mainrity of all sediments are transported by and dq:osited in 
vtater. This is so generally tme that mter transport and deposition can be asr 
sumed unless there is evidence to the contrary. Glacial till dcpiv-sited directlj' 
from melting ice ctmimonly is considered to I>e so chameteristic tlial it has 
been identified c\xu in partly metamorphosed. rocki\ TIkttc is cduinee for 
confrision, bowcixr, with mud-Row deposits, and some soe;il1ed tilbies :rre 
of ijnesHonable origin. Till ordinarily is sii uusorfetl mixture of material 
ranging from very fine to very cmise. J I has been derived from many kinds of 
rock in afl stages of freshness or decomposition and commonly IncJudes more 
or less RumcTous faceted pebbles and boulders. Mud Hows may consist of 
somewhat similar mixtures, but rock fragments are likdy to exhibit less vaii- 
etj^ and be angular rather than faceted ami the oecinreoce of striated frag-^ 
ments is most musual. Also niiid-Bow^ deposits generally ate restricted in 
areal extent, and their cotnpofijtion ordinarily is i^iauliir to that of associated 
stratified deposits. Eolkri sedimenb are less easily differentiated from depos- 
iU laid dow^n m shallow water. They are well sortetb howc^^er, and s;ind3 
are bkely to be eonspjcruously and inegularly cioss-beddcd and courisl uf 
founded and frosted grains. Finet silty sediment like loess commotjlv if un- 
stratified and homogeneous. 

Afneh of the transpHirtation of dctrital sednnent b actomplisbed bir ran- 
nmg water. This may move sediments longer or shorter distances but more 
essentially they travel from higher to lower altitudes. Fluvial dq^osits consist 
of relatively poody sorted material and may show ttutny finegnlarities such as 
local emsiou features^ intcrtoi^ing of sedunenUi diitcring m coarseness, cross' 
bedding, and otlier eiddences of cunent action like ripple marks. 

Most detriJ-al reditu cut deposited in standing w^ter is debverttl to a sea Or 
lake by streams. Tliereartci its further trauspartadon is largely hurraoiitab 
Saud^ arc almost immediately deposited in deltas or tliej' are moved bter 4 l 1 y 
along the shore in very shallow water. As vrave action remove fine materia I, 
sands become better sorted. Cross bedding may be developed and current 
ripple marks are common. XJcfst extensive marine sandstones consist of ma¬ 
terial that w'as moved and deposited m shifting zones along advancing or re-^ 
treating shorelines. They vary somewhat in age from place to place. Silts and 
clays are much more extensively spi^d in progresaivcly deeper w-attr^ and 
the deposibi are generally cbaracterired by more even and continnous bed- 
ding. Coiuser layers may bean oseiUatiDu ripples, 

Turbidity enrrenl transportation b indicated by evenly distributed graded 
beds which include detrital sediment of the finest sizes. of this Iritid are 
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likely to gnidf LmpcrcqJtibly into dcprisits produced by submarine slmupiug 
and mud Rows. 

Calcium oiibonatc and nlhet soluble scibitaticeit aie tiafisported in solu^ 
tiuiK As sediments Lbeis' have no fluvial histon, Lime cstmcEed from sea wa¬ 
ter tatgely by oi^iiniams may then be moved by wa^-e ^nd cunent aciioii. 
This ttansportation is mosLiy horizontal ulthough dcmnslopc movement h 
[mporUitt on the flanb of reefs. The cstenl of most Hmestones. howx'^eT* 
was controlled much mote by the paltmi of original ^nlcareoiis deposit ion 
[iiiiii by subiicquent tnmsp^rtBtion of tldf kind of sediment. 

Many sediments lutve had cmnplti histcpnes. Some liave pssed repeatedly 
from the realm of one ttanspoiting medium to tliat of aiiotlier. ^Mter each 
transfer a sediment may retain some features indicative nf its former ^tate al- 
Lhough tbcic commonly are somewhat masked and may soon be tost. Coarse 
ouUvjisli material derived rirmi melting glaciers ii easily identified by its 
varied a&soriment of erratk: pebbles. As tettiires become finer, these sedi- 
mcids arc mor^difficult to identify. The St. Peter Sandstone IOrd.) appears 
to he a gond etaniple of a sediment ^ith a toinpleic but deciphers hie liistorv. 
This sand probably w^as first tnnispfJTrtcd by streams,, ddiytred to a shrinking 
sca^ and spread out cdoug the coast. Then it wns moved hy wind and hc-aped 
in dunes. Finally, when the sea rcidvanccd, tiic dune sanel w-as rcwTjrkcd and 
Ttdistributed along the coast. Many sediments, however, repeal liltlc of their 
possibly varied pasts. 

Diiimictf and Durciriow 

A gnieral knowledge nt palcngeography and ateil geology -msy eliminate 
large regions iS possible source of dctrital ^eefiment^ and thus fumr$h 
some idea as to the distance ihey wem trany[xiTtcd to their present lesting 
pbccs. More rarely, some peculiarity of mineral or Htfiologic composition 
may |>omt dircctlv to the rocks of a restricted area as tlie source of sediments 
and thereby indicate the path they liave tmvtkxl. Foi example, ignci3us and 
mctamoipliic pthblcs m the glacul drift of the Mriskrippi V'jillq can be 
matclied with mcks of the l^ke Superior district or places iariher uarth in 
Canada. Pebbles of vein ciuiirb. and i|nartzitti. abuiidatit at some places in 
the Tnwo Pennsylvanian sands tones nf southern [llinoki^ could no! have 
come from my pbee closer fhan Canada on the no(fb qi the Appabcluan 
region on the east. Ilieie pebbles do not indic-ite ^ definite source area, but 
evidence is provided tlial they and the sunds w'lth which ihcv are associated 
miJS^ liaw lHXn tratispoiied for a distjmcc of >00 lutle^ ur more. 

RoLiuding oF sand results from scear dther during transpintation or by 
backward jnd forward umvement nf grains as uu a beach, where JiHle adiMl 
tnmsportarinii is acmiiiphsilied. Although ruuiiding does uol prove thar sand 
lias traveled a Jong distance, slurp angularirii is tiidicaNon that extcusiye 
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tonsportaticMi has not occwrrod. Ruimding muy record a long sedimeotan' 
liistoj}^ rather than much transport. Quartz graiur beconie founded rtiutrvely 
sIcnvH'i and most wcTI-ioundcd $and probabh' has opctieticed mote thftn one 
cytlc of erosion, tiansjwrtgtioiir and dqsositioti. Silt-siz:ad psrtitlia of quartz 
retam their ang;n]Gnty almost indefinitely, 

Dtrecfion 

If the source of sodimcnt is Ioidwti, the direction of its movcincnt is also 
knovni; otherwise different rv'idente must be souglit, for pEample in iiuch 
sedimentaxy structures as cross bedding (see Fignie 136] and crmcnt ripple 



RgiUr4 M4p f hawing Hie oyl^Qppjng band dF 

CoseyriliH Coi^tarrkerstB (P*nii.} in lauHinfn lilinaU grid 
abwrvaHonE Dn Ihe oriflntnlHpn of Arrowi 

show the mean dijn^icHi$ cfa»’b«ddjng (a^pled Ffl lli- 
mife-wSdo aw*^ ond ths cifde legrnanh tndkol* ih* 
heal \im\H of ^ percent confidenn \n ihc» means.. 
mvDiviefnertti show thof fht mean direeikm of cufremi froirr 
which Ihc semd Was defHPsimd In thli whole ivgicikn' WQ| OjfSh 
praxriTKrlely soLilhwoil,. lugi^sting o Jiorthec^eni logrcfl fof 
the led^rnfliTti. ^her PoTtiif and Otsan, 1954|I I* GeoJ., vqh 
62 , p, % 7 .J 

marks. Tliesc actually indicate only directioii of tlie currents from whidi 
sediment was dqxisited and they arc Ukely to show tnudi ^^TeguIl^Tih■^ Rc- 
gioiuil studies and many observations serve to revt^l general trends [%tx 
Figure n7)i hnt the chrection of movement may hasr beetr much difierent 
in more soUTvcwafil areai where no iiifomiatiim of this kind b now aVitilable 
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because strata bn>’e been emded or aic- buried. Direettonal sHuctui^ oidi- 
nflrily otxut Only in sandy stmtn and tbej ate not bkcly to be atuudant 
CBougUto be usrful or have the same significance arept in fluvial sedhuciite. 
Observatiun.'i need not be limited to a smgk stratum so long as the material 
in all beds vrai derived from the saiuc source. 

Similar infonnatiori probably can be obhimod from any kind of dctrital 
sediment by tlctetmimug grain iisee. Coarsening nidicates tomce direehbn 



FigyTv 137. Anumt Ifidkofff ihs ^frKdid^n d 

V^niWl< vdimAnt rhs narthaa&i&rn lifiited STotei. Stzef af 

lug^eEt rtlatEv* (iT^pflrtoiTCfi Df riia pcFth^ traniport^ 
COflc1^»kH3i wwrw bated OH CfQU-bfddmg obiemidani and miner* 
ologit Ktvdibs^ Tht quartE pebble bcuindaTT torrespmidi la rtte limlti 
of cOBTio itfdiulifinl pfobablv dflfi'Msd from AppolochiEin hlghlafidi 
iTj die nerifiealf. i^yand itTTiiliir inEJTvriaS probabSy cam* tfom 

the Conodion dl^Sd lo the nartti. The soridi darmd from th^e twQ 
regkini d^r Sft tK* amnnnh of JrwtEimO-rpbJt qiiajf^ and feidspon 
preuni and the degree aF loDirnatinv naondnesa. Mixing oF iHm 
sondi atcurred In lome qreai. [Altef Silver and Pnrter*^ 19S6, J, 
Geol.^ vol. 64, p. fig- 


(see Figure Laboratory analyses ate required, fitwevei, and tbej* mig^t 
not be successful unless all samples were obtained from a single stratutn 
whose age a the same cvetywfieic. Fabric studies of coarser setbninits also 
may reveal rmbricatiou indicating direction of current flow, but such studies 
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ajc kboricnis and ^low. Piobably thdr results utitild not be superior to ntoie 
rapi'cj and more easilriiiisdeolKm'atibns if tlicseare possible. 

The study of calcareous sediments h not likely to yield results of mucli 
significance because most sediments of this kind baw not had a compamble 
histroyof tiansportation. 

In some situations, thickening of strata may Indkate the source of sedi¬ 
ments. 'ITiickncss, howes-er, is controlled by other factors, paitinilarly by 



Figure 133. Mi£|} af pari ^ th# MntmT COai ^«fdi iliPW' 

mg iKs diffcrenHal d^dopnwnr df the FatrcH SandihsiHi O^^nn.) tn 
thkkj ccKirw. qnd Tnofsiw m thFiiDBrp jinflf-groinod, and incrv ih\n\y 
bBddfld foufliu DE^rJbt>flPO of tha masxr^a sqndltonp bodLlei indkoMi 
tbal ihs tpnd probably wat dtrlrfed frorn The Obwvotlom 

made 00 ^ovrteofl Other PcnTiir{¥Qn km landiloiiei ki lomo IPgion 
a^ggeir a *lmlbr origin for tiighr of them and a northern at north- 
Boifam lou^rce for ^wo. Thp lithologic raiTotioni m itm femornifig four 
mr>d4lon«r« or# Iftd^clalvo. IAit*r Wilwn ond Otiwv 1936, Parmfyl- 
vanian geology of ihfl Cumharkand Wafeay, TwtfK Ged, 5ur¥, folio, 
pi. 11 L) 

local tcctoniinii, and conclusions are imrcUabk unless tbey carj be siibstan- 
rialetl by progressive sedimentary grain sire changes. Sediments commonly 
thicken, for example, inward in all dirertions toward the central deeper basin 
aicai es-cji though much the greater part of the dehital niatcna] was delivered 
from a single sotrrec. Thus the Paleo/joic sediments of the Appalachian re^ 
gion coarsen as llicy thicken eashvanl whereas Gulf const 'I'ertiaiy strata be¬ 
come finer as tljcy ttikkcn toward the south. The reason for this Terence is 
that the sediments available to obsen-ation in these Uv basins lit on the far 
and neat sides, rcspectisicly, of the ba^in ares as these are viewed from the 
segioos Oiat produced the s^imenti. 
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SOURCE 

The last step in tnidng the history' of a sediment backivaids is the search 
for its place of origin and the attempt to reconstnitt the lutnrt of Lire sooice 
area- This brings into corisideraticnr (1) the identification of the kinds of 
rock from ^vhidl the sediment was derived, (21 their location. . 51 the cli* 
mate iliai wntiolfcd their weathenng, and i +j the topography that deter- 
mined their eroion. Although something f'Cnerally can be learned ahoiit 
most of tliese matters. rcsuUi are likely to lack desirable clanh because of 
the miidfvg of sediments from dLEercnt source and the vicissitude attendant 
upon an extended snbsccjiTcnt liistnry dining which sedinienh; came under 
the JuRuence of various cbcmical and physical cunditiotii, 

Source Rocis 

'I’hc ancestry of a sediment may be esHdenced by the mmcials that have 
renifliiicd imchanged throughout its history. Mostly these arc resistant min- 
erals that aie not altered m alter but slowly dunng weathering. Tlie maturity 
of a sediment can he rated in terms of these minerals and othm that are 
subicct to comparative]}- rapid dficumposititin at shown in Figure B'?. The 
sediments most easily interpreted aie the Irud matuic one*. Tlie tiiiginal 
detrital minerals arc coirveniently divisible into four groups; f I i i|Uiutz, 
(3\ stable heavy minerals. (3) feldspars, and |4? feiromagnesian riitticials 

Quartz is bv kr the commonest original nniieral contained in sediments, 
[t occurs in ttiaiiy vatietie. and the differentiation of its kinds is important. 
Cmtal tTains derivcrl from igneous and uieiamoiphic rocks generally differ 
with re^-ct to mineral and liquid or gaseous inelusions and evidence cif 
strain. Both kinds may have passed ihrmigb one or ninn: cycles of erosion 
and deposition before becoming part of the sediment under observatifin. 
These grains may not be distinguishable from o the is derived directlv fmiii 
mritalljnc rocks. Secondarily enhigcd grains that hove besn subsequently 
rounded, however, arc indisputably of sednueiitaiy origin (see Piguie 111 A, 
p, 291 1. Other wdl-roimdcd quart? grams probably have passed through at 
Scsistfjnc prei’ious sedimeutm' episode. 

’Hie stable heavy riiinmU arc almost indestructible although tlie older 
sedimentary mcki arc reported gciurrally to cantaiii a mrallcr variety of them 
isce Figure Kk p. ^6). I'eihapv this iudicatci fh.it some uF them cau he lost 
hv very slow solution after depositioii. The heavy mineraJs csi\ lie divided 
roimhlv into two groups: 1 1) thove occurring most Ctumnonly in igneous 
rrais such as rutile and zircon and (2) those that generally develop as 
meiauioTpliic mincraK such as tourtnaJinc and garnet. Sume similar or re¬ 
lated minerals may he formed secfmdarily wit tun tfie sediments, and coit- 
fusioii with these miLst be avoidwl. netrital heai'v mmerair st'rvc not only to 
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sttggest igneous or mctaTnorpIii^; origins but also to indicate subordiiLite 
varieties of tht parent roefcj. 

Fctdspdt is more m le^ abstridunt in most submatirre sediments, it 
chiefly dcrivtd fiom igneous Tocki, Tlie type of feldspar varies in a geuexat 
way V. ith the amount of silica in %ncctui r^f. Thus prihoclase m micfodmt 



FjQure 13?, Rob N vs mrfifiro'loflic maruritY ^ 5edpm*rrtS it iiidinitfd hrf tt)4 
aiDQVnti minaroEt and faidiport prasAnf Irt Tl)«ia nliftt^- 

ttiip wh^h oeojr in most I'gna^ui dnd ms la morph k fqcSu^ an daca3TTpo]i>d du Hn g 
w^olhflrtrtg ond wdimartl furmorron bMf ora not lifeaty to bo nrvdi offeered by 
Trcmvpanob'on or dipairlion, Mtnafoio^ic mcrindty* tbarvfoTv^ prmrldBt avidoncB 

tTSCOfdio^ ibc rppiftrly *rM.k3ft itnd topographic cand^Eiri b 1 t+ia rtgion from 
4vhidl the ladimanit ^nm derived- Sae aha Flyura 76^ p. 91. 

pTcdaniEElates in add rtx:ks like gmnitc. stxltc plagiwckse in tnlermcdiate 
rocks like dicTTitc, irnd calcic plagi^iclave in basic trocks like gabbm as shown 
m Figure 140, 

Fcmiinagncsian niitienils are (mpuTtaot constituents nnly n( immatme 
sediments, Tl^cv inay be abundant in detritus derived fmin basic igneous; 
to£:k?{, and tbe types preseiiL soniCThat like feldspar* provide mformation 
about the kinds of lock tlial: produced these sediments. 

Direct idence of the tirigin of scdimcuts is furnished by wck fmgmcnts, 
Eaccqjt in congloiiiciates* which may eon tain pebbles of alaurnt any b’nd of 
indurated rock, thi'se are only t'cry ^e^ained aggregates oi such tough and 
resistant fnaterial as and qitartritc- 
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'rbe crlgiTuil undecamposal minerjls and rock ftagmenU provnlcrooTC or 
les$ clear evidence of llic derivation af sediroetits. They may point tmnird 
particular kinds of loclc or naturally occturing rack assodations. More com' 
tncinly. hovrevCT. mixed sediments introduce conhasiou. The greatest difficni 
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ORTHOCLASE 


ngurc M&n Diagrarn iKo^ing I^q app-rcucimote raloliv^ abundancs^ the 
prTricipol rnkwnU occuMng tn mc:k$. FaTr^magnpycin nr^ftmli d* 

^cur caminanly Fn sediRrenH exc€pr Sn graywaskei. Feldipon^ haweirer, wmcMi 
on inore feinlaul lo ore prpfenf m mimy. |f ftiese minerQlE or* 

found In kodlmaflfl, hknda provkl^ eYiduice ccniiefnbg rh* porant rucks 
rttngFng fracn oddk gtonil« fo pfog^rndvely more ba^c vw4Aflfrr Wo^ 
inghin Otid Adonti, 1^51^ from The Jiriamoi coeiUrMion of thm |«na Gu^OO- 

bnrg t«dJi p. %4, fig. 3^ reprinled by pofmiiiko of Davor Publfcalfoni^ Inc^ 

Yorl( 14. KX 


tic% of intcrpTct^tkin prcuctitcd bi‘ the older and moie ju^re :$edinifnih 
wUtEh contiin fets^ original miiiciab nfher tli4n c[ttiiTt7, The pijssthility that 
much of tbe^imctit parsed ihrtutgh picvious deporitiDtui] ^tage^ alw h 
a commem tmccitalfity^ atid tumor contribulions from difiereut sciunres may 
escape detection. 

Loaxfton 

if competition senses to identify^ sediment willi definitt types of igneous 
or nioiamQfphic rock, certs in possible sluice ar^ may be climmat^ and 
othen may be Favored as probahiliiks. The difficulty' of osfablishmg ap¬ 
parently satisbiciory coimectiuns incjia^ra comid^ibly ^ith the older sedi- 
nitntaty rocks because the paleogeographic details of the titoro ancient stages 
o| the earth's history are less surely known. This is especially the case for 
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Paleozoic and older rods. Manj' possible old soiiite areas ha%-e been de~ 
slToyed of ate buried beneath yaunger sediments and the nature df thm 
rocks in not deteniunflhle. On the other hand, some of the source area^ of 
more recent strsti are now obsennhle and ate stiU produchtg detrital sedi¬ 
ments. PositB'C identific^tiOri with tliese may be possible for example, 
with many Tertiary fonniitioris. 

llie ooCiittence of an antoedent scdimentaiy stage m the histCFiy of a 
sediment coiitmonly rntroduees tmcertainties canceming the immediate 
source of reworked material even though the more ancient historj' of the 
sedinieiit nmy he rea.wiiab]y assured. Some notable esceptions, howR^er, do 
occur. For exarupte. In southem Illinois and the neighboring part of Mjs- 
iOiiri. two rebtivdy local fontutions, tlie Dutch Creek and Bf:au\aL>^ s^rid- 
nones iDcv-)* cemsi^t of beautifully rounded quarts: gmiiis which almmt 
ceriainly arc reworked St. Peter (Otd.) sand. Tliey arc evidence that at 
least part of the Oark Tcgmn was bud dtuing tuid-Dc^'Oniari time, where 
erorion attacker! iipliflcd Ordovician strata, 

Thac is nothing rn the character of cakaitons deporits to identify their 
sources except for the essentially contemporaneous material that w'as derived 
from reefs and deposited close to them. 

CHmale and Weathering 

Weithaing alters and eventuiilly destroys all rocks. The end prodttet h 
residual snik w^hich cloaks the surface almost everrw'here and consists 

bigely of imoJublt material, mainly mitienil grains singly or in aggrt^teSp 
and chy. It dtixkps' most ojpidJy iu regions where chenrical action and 
solution are most effccti^'e. Tlic two chief factoj^ in ite production are 
11) the kind of rock present at the surface and [ Z) climate^ Geologists gen- 
erallv have had little iiitfrest in soils except for those developed during inter- 
glaciaj times or tluise wdddi arc a sonnee of v^Inabk mineral pmdufrts such as 
l>aiixitc pnd some liigli-grade clas's cft manj^nese and a few other uiitisml 
Tticranicoros MostI) soJ lias been regarded as a ntiisance because it ohscurts 
oiitcmps. Residual sods, however, are important to stratigraphy bec"dusc fhej- 
are one of the principal sourdes of sedimentary material. 

Rcsidui]! sods duvclnpcd by chcinieal weatliering fiom igneous rocks are 
clayey hut contain mon: or Ic^ abimtlant niiussl grains whose kinds depend 
trpon the nature of fcJic parent rcjck. If quurtz ocenrsw it ii likely to be an 
sbimdant comtitueut, and other stable niiacraln of the hea^y miuria] type 
yeeumubte. Mo^rt silicate luinetaU dctompOiC to clay but, depending u|ioii 
rheir kjiids, the clim&te, aud the completeness of weithtring, some of these 
also may remain, 

Sediiucittars' rocks react diffcrcully l>ecause thdr constituent mijicxaJs have 
already passed through at least one cycle of w^cathcring and mostly thcj^ are 
stable. Many dctribil scditiietits derived from them arc little cliangtd. Sand- 
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rtoncs and shales are disu^regstcd latgelv by ph)‘sical proctsses and produce 
sandy at clayey soils. Ilic soil developed bom limestone, however, is vsstlv 
different from its parent rock because calcium caihonatc passes hack into 
solutimi and only the insoluble residue remains. Residual soil derived from 
limestone is likely to contain weathered cbert. and in welt-drained warra- 
temperare and warm regions it is ccunnnjnty red. 

Soils produced by the weathering of metamuiphie rocks are variable and 
rtscmble all kiuds derived frura both igneous and sedimentan rocks, The 
actual type devdoped in any instaiiec depends to some extent upon the niuv- 
eial character of the parent rock, but practituHy all contain identih iiig meta' 
moTphic minerals. 

Climutc is important iii ihc formation of residual soils because moisture 
is tiecessaiy for clicmical wtatheringand this action proceeds more rapidly at 
higher temperatures. Fruaiog mliibits chemical weathering, Consequently 
soil is produced must rapidly in mens! tiripical reginns. Drainage also is im- 
portanl hcciiise percolating w'alcr carries carbon dioxide, ijiygen, and or¬ 
ganic acids dciwnwatd to act upon unaltered rock and remove soluble sub¬ 
stances Under favorable eircuiiistances in the tropics, soils mote limn lOO 
feet deep may develop whereas m arid and frigid regiom chemical sveathcr- 
ing is so slow that little residual soil may ftitrn. 

The tuincruk of soils are tninsportcd and become sediments, Tire imal- 
tered minerals furnish infumuitimi eimccming the tuifnre of parent nxrks 
whereas mlneraU produced by weathering, chieRy clays, give some indication 
of cliaiatic condiHorn, flic develfjprnent of montmtirjlionite is favored by 
relative dnness in regions where little leaching can occur. !t is especiaTly a 
pmihict of weathered volcanic ash. Pcrlup illitc is formed under soiiiewiiijt 
sinu'lar conditions but much of it is a cliagenetic mineral. Chlorite, which 
contains ferrous iron, may require reducing condHions for its devdopmeiit. 
AH of there mineiab arc comerted to kaolinite by (licrongJi leithriig, Kao- 
linilc pioliahly ls rarely funned in any otlna way, and its occiureuce in sedi¬ 
ment is believed to itulicutc prolonged weatlitring in a humid clirnate. .\fter 
depositiirii both moiitinoiillonrte and kauliiute appear to lie transformed 
very siowty to illJteor less couirnonly to chlorite. Coiiscqtiendv Llidr absence 
is not as significant in older rocks as in younger ones. 

T Qpagrnpby and Erosion 

W^tsilheriiigafMl erosion comhiric to produce rediments. Erosion removes 
material prepared by weatlicriiig but it abn attackj fresh unnltered rocks 
and products sediments ducctly without the bitcrveutiou oi wcatlierihg. 
Ctiemicilly utiwcathered sediments consist of the origimii tuinemls of tire 
parent rocks, CJonscquently the proportions of unaltered silicate miiiemb 
aud clay would be a mea-suFC oi the rebiive imporLiiicc of pinsk-al and 
chemical processes respoiisiblc for the destructioin uf igneous and simic kinds 
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af mEtammphk rock if theic prcaportions could be drtermmcd. Bccansf of 
differences in the size of pRiticle^, Inrsvm'ri these prodiicts are more or Jess 
sepatatctl clmirtg transpcrtatJDn and deposition. Abo sedimenb derived frfjnt 
prec^bttng sedtuienLai)' rod^ and some types of metamorphics give little pr 
ito evidence of chcTnic^J weatheruig regardless of tire actual condibpiis that 
produced them. 

Tlie feldspars decompose under chemieRl attack fdativdy tJowly. rtidr 
presence and condition m scdimcnfs is 3 licticr index than clay ratios to con¬ 
ditions prevailing in ^source regiom Tlie ahit’nce of fddspais ffom coarse 
dehital stdimentv sn^cst^ derivation froin older ^icdirncnts nr tharoughU 
weathered cmtahinc rocks. Partially decomposed to fresh feldspar giams iu- 
dicate various stages in tlie id stive prevsltnce of chemical and ph^^real 
processes in the pruduction of sedbicnt. Fresh feldspar and an appreciable 
associaliau of uudecomposed fenomagnesian minerals is evidence of pre- 
dotiiiiuuit phv'sica] erosion. 

Tire balance between chemical and pln'sical destmetjon of rocks is deter¬ 
mined liv both dimiite and topogmphv. VYurnt iiidisI diiuafce hivors diemical 
decomi>i:>sition. High topogniphic relief and hciiv^ min fall encourage me¬ 
chanical eras ion. The nio^t rapid erosion occuts where these conditions coin¬ 
cide m nigged tropica! regions. The resulting sediment consists of a iiiisEure 
of decomposed and fresh material. I>cficicncy in moisture; temperature, or 
reltei inhibits weathering and ciDsion more or less. II iiiobture oi teiispeia 
turcb deficient. cliejuicaJ weathering declines in unportance and less jnatirre 
^ediineiitj are produced. If topographic relief is tow, erosion h slow jind sedi¬ 
ments are more mature 

Af the present time L-hnote iiiUuc^ic&n erosion in another w"jy. Abundant 
moisture and mild temperature fevor plant growth. A dense cover of veg¬ 
etation protects soil fnjm erosion and leduces W'aiiliiiig^ gullying, and land- 
sliding lu a minimum:. Tliiii plciitifiit fambll is an important factor hotli 
in accekTating crusiou by greatet runoff and in retatdjng it by favoring tlic 
dcvclfipmcnt of a piokctive cover, llie halaiice depends upon Jncal cxindi- 
tion^ und is determined by many other interacting factors such as seasonal 
distribution of rainfall, steepness of slopes^ and Uie types of both soil and 
vegetatiuin 

Couditions. as the) exist today are not repiesentativ^e of all past geologic 
time. Tlie differences have beerj important and they were rebted toi progixs^ 
in the evofutiDiimy^ development of plants. The earliest plants rcpriKluced by 
tell divisioup and few of them could csisf outside of water for any length of 
iiTuv. From these Eire sjXJrc-beacing pbnb (kv'doped. They could live nn 
lurid but were restiictcd Ri damp ssftiationj because w-atcr w^s ireccssary for 
thciT icpnxJiu timi. At first tUey^ had fio true roots ot stems and could survive 
imb^ in permanently dainp situatioro IManb of this type arc first adequately 
known 35 fofssik m Devomati strata altliough they probably otiginated mndi 
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Ciirlier, Litei, roots and stems becjnic difEermtiatcd. These stiuctures made 
acibptaiifm poHisible to situiitiom tliat may have been dry dimng certain sea- 
si?ns frf the year. Fiimlly seed-bcanng plants evolved and their fossils arc 
present in Upper Devonian strata. The development of seeds freed phnts 
front their intimate dependence on water and made conqu^t of the Und by 
them possible. 

The hisUin' of plant wolntian mdicutes thiJt before Devorrtan time the 
lands nuiy liavc hem linked citcqjt for perrnaiierTtly damp iowlarid mess. 
TIicrafTCTi plants increased their range. The speed w-ith which they heciime 
adapted to drier and drier environments and spread over the land is not 
known because upland areas were destroy^ct! by erosion and no Paleozoic 
□pknd fkiras have been discovctctl. Upland region? probably were no! pro¬ 
tected by vegetation before the latter part of the PaleOLZoic Era. Consc- 
quciilJy cn^skm must hav'c been more severe and lapid in ancient titnes, and 
no mtain vomptiiisan cau be made betw^ecii conditions as tbey adsted then 
and as they oie at present. 


atBtlGaRAPHV 

AdiiRU. f. A. S_, and Wcivcr, C. E. fl9?3)^ Ibnriurn-tOHUiMjiiiri niticifs in- 
dkatDTv dE scdimcnlary processes; E^impk; of concept of gcochcmiical fades, 
H*iH_ Aj-o. Aa£OC. P^stmiruar fZ, pp, 387-d^O* 

Tliorimn tends to remain in non-iiiiirine sedinieuti whereas tuinfnm is con- 
centrated iti smile mafinc depoiits^ 

Campbell, M. R. (1930), Coal m a recorder of indpkirl tnetamorphism, 
Eton. GcoL vol. 25, pp 675-^i96_ 

Progressive reductiLm in volatile matler of coal paralleh increased IJtbig- 
catJon of olbcr scditiitti taiy rocti. 

Cox. B. B, 11940], TransEonnarion of orgiiiiic material into pctroleunj imdcf 
geological cotidihniis {*lbc geological fence''). Bull Am. Amoc. Ftin^uin 
Ccof., vol. JO, pp. 645-659, 

The OiigEn of petrohrtirn and fht parts that phi'aicaf and biologic conditiofis 
play in it are eoTmdcnrd. 

Degrns. E.1\, \\ illiaim, G., and Kctth, M. l_ f 19S7), EnviTCFomciifal Aludies 
of Dirt«niifetimt stdimctits^ Fart 1 j (JerxihemicaJ criteria for differentia ting 
nu^Tin^ frarn Fresh-water ibjilcSp fluif. Am. Amoc. Ptffnjteum Gcol. vnf 4] 
pp. 2427-24 55. p ■ . 

Trace amomfci of feiTial met^U coinmodh occur in different abundances 
id nmrrue and uon-tnarine 

Dott. R. E-. Jr. (19S8). Cyclic patterns in mcchanicatlv dcpoiited Pennsyb^aman 
limestones of norllieasjtcro Nevada, J Secfi/mni/. Frtrni,, vol. 28. pp. 1-14, 
The source and varied Jqjn.^linqj] tnviitmmmrh of ui dominantlv cstcuEtous 
stratigraphic section are described and mterpreted. 
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Dunbaf, C, and Rodgers^ [ohn (I9S7) Prin^plct vf vtrsitigrophr^ New 
Yort, Wiicy. 

Ch^ptro 9 to H, pp. l69--2?fij are devoted to the viiriatii nnijcft tjps irf 
scdimtTJtiry rock* their ocpurrencc and origin- 

Ellia!!, K. Depth of ikpoaitioii of Rig Eliir Scti^x Kaniai^ Diiif, 

ArTurr^^ vci. 4fl^ pp. 40^^42. 

Tliii aiiide attempts tu estimate depth of water mainly on the bails of 
paleobiabgu: eiidcncc. 

Emery, K- and Rittcnb^g. S. C, (1952}^ Early diagenesjs yf CaTIfOfnia 
basin sediments in nJatiOTi to ougin of oil, HuN, Ar;i. Asioe. PcritdciiJn 
CeoLr voL 36^ pp, 735-306. 

DiagetJttic changes in iicar-surfaoc sedmitnts cored frtJm sea floor ofl lire 
CalifomEj coust arc dc.'SCtfbcd. 

Faiibridgc, R. W. {1057). The dolomite qnestitm. Sac. Econ. Fatcon. and 
Spec. Pnh!. 5* pp. 125-173. 

Dokmiibzation begins early in diagcrtesis and cantiinies below tlic surface 
of newly ted calcareous sediment. 

Farrington, W\ B. [1954), Rdation ol coal rank to origiiial dcptlj of bnnal in 
West Virginia, Am. f. Sa7* vo!. 2 5Z, pp. 627-635. 

VariatLoni in carbon ratio are comistent with interpretatmn pf overburden 
rJiicLnc$s incicy^itig towTud cniter of basiii- 

Ginsbarg, R. N. il9^7), Eatly diiigeiifliis and lithihcattna nf shallofl^watcr car¬ 
bonate scdiasiniti in son til Flnride, Soc. Econ. PafeotL and Mmer.f SpccL 
Publ.5,pp. 80^9. 

Ttic fnithoi- describes modern cilcnietms scdiiiiiMit and observes limt it is 
not known to become litItificd onnrbdnw the Jica floor. 

Ciasv, Ik D. (19>S)* Clay iiiiiieralc>gy of Fetim.yh'^flniiii ircdunenti in «iothmi 
niinois, Pmc. 5ili Conf. Clan's and Clay MinmR, Nai. Acad. ScL-NaL 
Rescamh Cduticfl, Ptibl. 566^ pp. 227-241 
EvaJmition iimadc of day mineralogy and iti p4>ssihle ckmgcs fn fespcriHe to 
efivironTiicnta] cnjiditions in souiDC area and dcpositimiLd liasinT diageneftis 
and wcatlieting- 

Gnif, D. L* and Lamar, E. t J950)i Pctiologv of FTcdoiiia OmUec in southeni 
niimiis. Bull. Am. Assoc. Petroleum Geof.. vol. 54* pp 2313-2356. 

Intagmtiobr rclabons in timeatone are described, with partjculjt respect 
to cement and porosity* 

Grim, R. E.* Dietz. R. S., and Bradley, W. F. (1949) , Clay miiienil coinpoiitinn 
nf some sedinmnts from the Pacific Ocean nrff the Califoniu co^jst and tfic 
Gulf of Co-lilomia, Bull Ccof. Soc. Anter., vol. 69, pp. 17S5- f SOS. 

Dctrital clay rnmcmls arc $lnwly altered after Jepcrjitioti in the sea, 

ILrmbliDf W. K. (19?8), The Camhri™ siiiihit-dtit3 uf ndilhcm Michigan* 
Mich.Geol Surv.* PiihL 5J. 

Sedimentary ccimposition and slmchne* indicate a shifting sotirce area 
diitl btiporbntt liiffcrenccs in dcpndrional ctivironmente. 

Hrald, M. [ 1956), Cemenbitifin nf Simpson and St. Frtcr iandstmej in parts 
of ArkjiisM* Jtnd Nfissouri /. Gt'oL, vrJ. 64, pp. 16-30. 
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Great variability in tb? amtiwit ijf inter^antikr ponHitj- and quartz cemeiit 
is rtpQrtcd. 

Hedb^, IJ. D. Cravitationa! compattion of clays and sluilci, Am. j. 

Sri.. 5. vol. 31, pp. 2^ 1-2S7, 

The author recotUs close ounelation between porosity and depth and ana¬ 
lyzes Dieehaiiics of the cnen paction process. 

HohiL R. U. i WS I , The natnee and ortgin of limestnne porosity. Quarf. Colo, 
School .Miner, vol. -f5, no. t. 

Friniaiy concm; is with the nature and development of sectnidan ponnity 
in tifnestoiic. 

Irebnd. H. .A. fed ) (1959), Silica in sedinicnts, a symposium. Soc, Econ, 
Falcon, and Miner., Spec, Pabl. 7 . 

Ten papers are devoted mainly to the occurrence ot noo-dchital silict and 
icsiole in thedingenesis of sediments. 

[ones, O. T. (1939), The consolidation of muddy sediments. Quart, t GeoJ, 
Soc. London, vol. 100, pp. 137-160. 

Tile problem of mud and shale ocmipactron resulting (inni the weight of 
oveiburdeu iscoruidered. 

Mdlci, R. J— and t.lhcnt, E, C. ^955). The slabsticaJ. stability of quantitative 
prnpcituii as a fmidiintntal criterion for the study ol environments J. Geo/ 
voLbJ.pp. 376-3ft7. 

Propertier of sediments that cannot be measured in locks, those that are 
diangcd by diagenests, and diosc that persist iinaltdxd ate disttngmshcd. 

Milner. H, fl. (19-H1>, Sedimentary petm^apky mth specud reference to pef- 
rogmpfiic inefJifldj of coreritfiiVjij of ri«tu, petrcdeum technohsy ‘"'rf other 
tconomk ippliaitiona of geology, ^rd eiL, Undoti, Thoiiiuj Murhy reprinted 
19SX 

Clijptei 13. pp, 490-3H, notes usefniness of mtncmlj as indicatom of 
source areas and climate, 

Passega, R. (1937), Testuic as characteristic of clastic dcuositiaa. Bofl. Am 
Asroc. Petroleum CeoL vol. 41. pp, 1952-I9S4. 

A method of chstiuguishjijg dififcicint dtposilinnQl envifonmeuts on the 
basis of the relatinm of soiling parameters u developed. 

Faeroe, T. C, ( 19411 , Sttarigraphical analysis and cnvircmnicntaJ tECnnstmctititt 
BtdL Am. Askoc. Primlirum CiiD/.. toI, 26, pp. 1697-1770. ’ 

Tliis is a compftliimaivc thwtehcal analysis of the production, tmnsnorta- 
tion, and dcpasirion of scdimaits and their sitcrarinn to scdiiiimtary 

Pclktrei. Q- R- {19=;0L Poemm pakocuitcnfv in Primsvlvania and MatviaoH 
fiuW-GtfoLSoc. Amv^M vfj], 69, (Tp. 10>^-infr4H ’ * 

Inb^rpittatimis u| dcp^iticfnal envircmmcHts and area are bjiscd on 

cross-bedding and oogj^ess of cnngkimElates. 

Pctrifolm, f'. J. (19S71, Sedj'merrtiiTv noefe, 2nd cd.. New York, Harper 

Chapters 14 and I?, pp. 648^0, deal with iJtc diagcnesis. lithiScatJon. 
and historical geology of sediinmtE. 

Potter, 1. E.. and Glass. H, D. fl958j. Petrology and scdimenhitioti of the 
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Pcnnsylvaniiiii scdimcnb ill niinot-S: A vLitioil profile^ Ul, GcoL 

Surv -I RtpL hivest. 2CH, 

11 ) 1 ^ detailed jtmJy of ^ctliinetitab^ shtactutes, pttrogTktphyv and clay miti- 
etalogy pco\idc5 citdeticc Tcgarding pmieniioce of sediments and depnsL- 
tkmal eiivirnnmcnb. 

pQtliX P' El NeKO^% SmiLli, N. SvMami, D, H., und Walker, F. tf. 
f i^5S)( Chcsicf ermi-bcddmg and itamlstnoe trmd^ m ttiinou BiiU. 

Ao^A«dc- petroleum Gcn/_/\tjI. -IZ* pp. 1013-l(FKi- 

This study cstublisLci regiouii) dope and transport 

during kte \[is«iissippi^ time. 

Rubey^ VV. il9^0)p LiLhologic studies of fine grained Upper Cretaceous 
sediriieiibry rocks oF tlie Biick Hills legiou, US. Gcol Stm., Pmt Paper 

ConTpactiou Is tivfluenccti hy prewiurc dei elpped during .itnichiral fcTdtng. 
Sitnun Raymond Tlic sDica budget in the scdimcnlari^ cycle. Am. 

Mrflenrfo^iffL vol. 42. pp. &2J-ML 

llic rogrcc. tiansportatian. and prccipibition of silita in solution and its 
mlatiniis |o Hic geodiemical enviraument at the surface of the eartb are 
disctisisedt 

Slccniptoiir ±\. \\\ (!9>S f. Soil meL'haniCj Jii lelaliuii to geology* Froe. yorftsViiFff 
Gfo^. Soc.,, vol. 29^ ppr sl-faZ. 

romnH' and the plastic qualities nf day am mbted in a wsy that has ap¬ 
plication to compaction and otlmr geologic pioccssci. 

Siigdcii, W. j The uiflncnct nf water films Hd^OThinJ by Enuumil graJnv 

uptm oimpaLtinii uf naturul scdimeEib aiuJ liutes on allied phentfinE!ua« Ceof. 
.Vfdg., I'oL S"’, pp. 26-40. 

Emphasis ii laid on the mipiJrtance iif water to the properties of clay and 
ib mactiml tn prC£SUtc. 

SujkovrsVi, 7. t*. {1958^ Diagencsia* Bulf. Am, As^ivc. Petroleum Ceof.^ vnh 42, 

pp. 2692-2717 

Moir scdiniaib lire unstabk dhanicil miihitcs, and diagracsis tends to 
produce punr rocks b} tlic coiicetitnitinci uf p^rticulsT compouenta m sep 
aiatc beds. 

Sympnsiuii) on dav mineralogy {195S)^ Buff. Am, As?oc. Petrof^fn GeoL, 
™1.42, pp. 2 s3-^5S. 

Papers are by W. P. Kdlcr, R. E. Gnm* C. E. M'enver, J. F. Burst and 
L H. Miinq, and J. W. Eurdlcv with particiibr reference to the tektions 
of mrnerfilpgy to source and dcpositjoiuil cuvironnieitts. 

Taylor, J, M. f 19513), Pore space reduction m sandstones^ BiiB. Am. Asroe. 
Petroii^m GcoJ., vol. H, pp. 7nt-7lfi, 

Thin-scction studies show' that porosity is rednecd by ccineubitlrinp sojutkin 
at giain boutidaries. and dbtnrtion or emshing oF graias. 

Taybr, J. iJ. {I952)i. Clay minctali and the esolutiun of ^ttliineniiity rocks, 
Ctay vol. 1, pp. 218-242. 

Tlie cFFects of pnmut nutmak w-eathcTing, depnsittnnal c-uviitindii^iit, und 
diogetieais on the tlcs^tnpmenl of cby mmeials am bricBy mvic^cd. 
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Tcizaghi, R, D, (IWO), Compaction of lime mud as a csiisr of sccondaii^ stoie- 
f, PetrtjL vdL 10, pp. 78—90* 

Results of compression tests oq Eue'^med calcareous mud froai iJic 
BahauiM arr rcpoirtcd. 

Wuldschmidt, W, A, fl94!l* Ccnicnting matmata bi sjudstoncs and their 
probable influeuce on migration ond accuinulatinu pf o\] and gaSn Bai^. Am^ 
Assoc. P4iffoJiPirmG«j|^ TOl 25, pp. 1839-1S79* 

ChacucteTS of santlstunfi of the RgcW Mountains region sie deentsed. 
with spcdal attoifinq to then consolidate and cementation. 

Wrller, J. M. (1959)* Guinpactian of sediTTitmts, Bull. Am. Asscc. Pfftmfeuin 

GcpJ.,vdI.4Lpp 273-310. 

This {s 4 general cmisKlcnitinn erf compactjnn and its ptoblcms in aH the 
Cemmon iitidi of sediments and sf'dimcnlaty tocki. 

White, \V, ,A^ and Pichler, E. ^1959)* Watcr-smptiori dimctemlia of clay 
tnitittali. III. GcoL Sirrv.^ Circ. 266. 

^ITic [clations of venter to shy minecih arc eapl^med. 


Part III 


STRATIGRAPHIC BODIES 
AND RELATIONS 



Strain 3tid stratigraphic units the bodies of stnidgrapby^ Tlicit reLadous 
within the flames of space and time pwade the essence of stral^grophic study. 
'HiIS Dcecssadly invol™ considcratiOD both of vijrtical and of horizontal physi¬ 
cal contmuity and lithologic vanabilih^ m q^acc and of the dascootumitic^ that 
iiitenupt strjtignaphic sequence. Stcatigruphic cLissiEcabon and rLOmcocUtore 
arc piacticd dj:%i:]opmi!iits doignnd to achieve sonje order amidst comploritics 
tn the relatiuns of stratigraphic bodies and to facilitate commLinicatiDn among 
gcoluguts. 

Corteluticin .veeh^ to idste stnitignipkic iMidiesi in. the fraitie of time^ It oau- 
ititulcs j Auhjcctive eitdisim of ktaatigrapliy tif par^niounf importance. Cor^ 
rclatinn permits Ihc fymthesis of all geologic biowicdge and establishes stratig¬ 
raphy as the mitraJ urea of science. Syiittirsis admimitcs m geologic 

liislory Or the uniEed organization of all tluit Iim* heen learned about tire nia- 
tcridi of die cartli and the loKxs and proixsscs that have coptiolted ib dc- 
velupmcnt to the present time. 


10 


Stratification and Vertical 
Sequence 


SxRATirjcA'noN is such a chamctcnstic and conspicuous feature a( most natu¬ 
ral accLiitiulaMous of sediment and sedimentary mcks tfiat these can equally 
appropriately be termed stniLLfied dqxjsits. I*cw exposures £ve feet tliiek tid 
tn Ttvcal stmLiHcatjoii subdividing formations and members intu hcdi mor? 
□I less diiftinctly;«!( off fmm eacli other. EeddiiLg is dear esiderit:^ tfiat depo- 
jiition lithngjcncsLs have not been static bul have altered repeatedly with 
the passage of time. This variability of sedimenb m vertimi ^uence b more 
abrupt but othemise eomparable to lateiaJ v’aiiobilib^ One involves facies 
change m time* the other fucies change in space. 

Bedding results from the segregation of differently si:£ed cir diSetenyv con¬ 
stituted sediments in layers cxtenJnig more or less pamllcl to the surface of 
dcpositknL Tire cluing^ in sediments wray be gradalioiraJ upward in a 
or fmiu fine zone to the iiort, or trairsitimi may l>c abmpt. Butli produce 
stTatihcation but the btter n more ctinspttuon» arid is responsible for the 
gross type of bedding at most outemps. The kind and degree of clmnge from 
one bed to another and the arrangement of differently constituted beds pro¬ 
duce vertical sequences of scvTial types. 

STRATIFICATfON 

Although wclVmarked stratification has been observed hy evTry geologist 
who has been concerned w^th sedmientary nxrksp it has been remarkably little 

^S3 
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studied. Attention lias been directel almost exclusively to relatively unusual 
types such ast cross-bctldbg* wheieas the more prevalent typ^ characterized 
bv tiiore or lesi parilld bed^ app^ears to Lave been accepted as normal and 
probably for that risason, ghen Httle cousideiaiion. pw efforts Lave been 
made to relate stnrtihcatidn in scdiir^cntary rock^ to the pTirccsses resixjosfhk 
for bedding in modem sediments. Consequently bedding generally hai been 
expbinal more on the basis of casual observations and specnlatjon than on 
any real imderstajiding,^ Stratification commonly U more a puzzle than an 
aid In stratigraphic mterprebitioii. 

Stratification is produced in a great many different way^. The condtHom or 
processes maybe f I) physical, {-) chemical, or (5) biologicaL Thc%c tan be 
outhned and analyzed to smuc extent but their application to actmil exani- 
pfe of bedding tn stratified rocks and the interpretation of stratification tn 
rebtion to tiiein are imcettain. Much attention needs lo be devoted to this 
subfcct before the relative importance of the vanom possibilities can be de- 
tennincd and an adequate tindr^standiiig of stratification can be attained- 


Physically Controlled Stratificatiort 

lire phyrical ctintrol of stratification cannat be wholly divorced from 
chemical and biulc^ic controls because these interact vviLli one another in 
coniplex ways For Convenience, hnw^ever, the physical controls can be con¬ 
sidered to be concemed mainly with f IJ the nonuinfomi deposition of sedi¬ 
ments* {2l most types of distiiibance of sediments alter deposition, and 
(5) tire possible de%'clopment of stmtificatiou by the oompaction of fiiie^ 
gioitied sediiTLents. 

Nojitmfform Deposition 

Stratificatimi may result frrmi (1} change in the tipe of material depos¬ 
ited or i2) changes in the rate of deposition. Either of these might be an in¬ 
dependent vanable but a^mmonly thn- are associated, and a chariEtc of one 
kind is likely to be accompanied Ikx some related dmngc in ihc oLfiet. Inter¬ 
mittently iiilcrmptccl dq^oifitimi pmbably is On especially imparl an 1“ type nf 
Liregiilatity in rate and deserves separate rce^igrarioii. 

Factors affecting the kind of sediment deposited tn a brtsin arc numerous. 
Several of ihmt are more or Icsi intimately mtendated. lkcau.se thq^ have 
been considered m pretionv cliapters. further disen^ion of them is not ncces- 
KiTV here. Hiey can Iw tLissificd in several different but it is convenient 
tij diSeientiste three groups: (11 betttrs affecting the amount and kind of 
sediment produced. [ 2j factors affecting the tianspoitatiDn of sediinctit, and 
[1] local factors dctminning whether or not sediment occuTiiiilLJtei in anv 
area. 

Dre rpialih' and quatirity of detrilal sediment produced is detemiincd 
mainly W (I) tbc kinds of rock outcropping in the roLuce area, (2) the clL 
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m^tlc randitioii^ ptev^ilijig iit Lli^ sauice ^nd (1) tts and top¬ 

ographic candition. ITiesc af^^ not subject to tapid ot rqjcatcd changes, and 
sedinienLLfy ^axiation fiom bed to bed is not titely to reflect important 
changes of these tmds unless relabvely long time intcr^-als art involved. Tf, 
liovvcver^ a considerable htatus separateg adiaeent stmta, changes in tfny or all 
of tJicsc rcspcct$ may fasd espression in the sednntnts, Tims prolonged ero¬ 
sion iray rtrip ai^'ay an old sedimentary cover from a samt^c a^rea and bring 
ToctamciTphic and igncoiis meJ^s to fche suthiee; dungc in climate may be re¬ 
flected in the degree oi "wt^therfrig otid tlic ttstiHing maturity of segment; 
and change in eJet-ation may alter rmportantly the dfcctivcness of erosion 
and the quantity of scdmieiit prcHluced. 

Variability of transportation may be relate<l to dianges in | 1) the kind of 
transpoTtiTig medium^ 12) the transpciTtiitional rf^ccth'Cficss of the niediiirn^ 
and {5| the path or djicctimt of tiapsportiition, Thw Pleistocene glacial 
dq>t>vit? ate ^tiaHfied Ijccsusc of the altcnjation of icc-bome till and w ind- 
home liicsv. Changes iri tlic power of streams may result in the intciiav ering 
of coarie smd fine sediments iti flood plain and deltaic areas. Chnnges m the 
siic of waves and depth of water may drasricilly alter the deposifional pab 
tmiK in sfhalfinv water of the sea and lakes. Changes m the direction of 
sricnius Of currents mav control the amount of sediment delivered to a par 
Hcniar area. Any tw’O or all three of these h pes of changes may net in concert 
Id produce more complex variation* in the amount of sediincnl and its kind 
derived from one or many sonices. Unlike the utliet vartiihle* that have been 
meiticwietL (be efficieDcy of transpurtatioii by sticams, cntieiih. oi waves 
may clnuige greatly in short intervals of time, a ltd much tionunifonnity of 
deposition in very shaKow-water sediment is likely to Isc related to such 
changes. Tlje ebb and flow of tides result in tmporbint dq>th ^-anations m 
shallow water at many places. Tides, howe^^er, probably w^cre iT]?iigT>i&caut in 
most of the landlocked seas of tlie geologic past jnsL as they arc toduy in tlic 
Mcditciranam and tJie Baltic. 

Xu sharp distinction can be made hetw'een factors affecting bansportanon 
and deposiMon beta use when tmnsporiatiDn ceases ifepcisition anmedintcly 
IjcginSr Depth of water has been mentfoiied hut is bestccmsidered a local fac¬ 
tor to be evaluated positively in connection witfi its cfftx:t on deposition 
rather than negatively with tiansportLilion. As related to wave actioti, it is the 
priiici}3a1 factDT that determines deposition in the sea and otlter bodies of 
standing wuter. llius W'a:\'c base, or the dcpih at w iiieh waves cease to stir the 
bottom, is -A critical level with reject to sedimentary deposirinn. Wave hisc, 
linwxvcr^ dcjes nol conspond to any particular depth because Vfiivc hjrbth 
Icnce^as it declini^ dnwnward^ bcctmTC^- progiesrivdy less effcclhe in moving 
smaller and nnallet sedimentary particles, Abo wave bise is fnr from con¬ 
stant. It varies gieatly from day to day and from season to season as pcoods 
of calm and stormy weather alternate. 

The depths at which variably strong waves move vajjoosly sized sediment 
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arc not known aocteately, N^'ertheles, tf sediment b not supplied too rap¬ 
idly and other conditions do not eliange, 2 seduuentar)' snrfaoe cannot be 
built pernianentJy at any pluce ;jl30ve z certain level When the bottom at 
^ain<; tliis le'el, H'liicli is Lhc effixtivi: wave base :it that place and time, etjui- 
libflujn h eshiblislied aud additional sediment is swept acrtiss the area aiid 
finds a farther rating place, \tiieb sedliiLEDt moves slowly across the shallow 
hnd'mar^nmg sea bottoni iu a disco n tin uous niaiiuef. When waves am 
small it settles tcmpoTBiily but with cyc^t strsrm it b stirred up and mos-cd on¬ 
ward and outward Final deposition occurs at a depth that is bewnd the 
reacli of die greatest weaves—probably not much more than about 300 feet 
on upen coasts. 

Etjuilibrinm may be divhirbed by change in depth of wate tesidting from 
either tectemism in the basin or shift iit seu level. Tf watet dinals> erosion of 
the bottom is bkely to occim. ff it deepens, deposition irtuy build up the bot¬ 
tom to its previous position. If sediioent is supplied rapidly, however, and 
more is deposited during fine weather than can be moved away by storms, 
conditions acc changed and the bottom rises. Smaller waves are then gener¬ 
ated in the shallower u^ter, and a new state of equiKhrium is estabbsbed- 

Noniinifomiih^ of suppU, transportation, and depmilioti of sedimenr cer¬ 
tainly are important in the development of stmtificatiou in icdimcmtary 
nxrks. A considerable variety of fjirtf>n is involved and tlicir combinationij in¬ 
troduce a bewildering array of possibilities. The predomiuiint importance of 
variable ciiTTents and wave action and depth of water;, as these affect traus- 
pottation and deposition, however is fairly obvious. Most vanability in sedi¬ 
mentary deposits resultmg froni physical changes appears to be closely re¬ 
lated to these factors with more or less uiodificatioii by* the otliers> Much 
stmtificaticni pmbablyis related directly to intermittent dcpodtiDii+ ami most 
stratigmphic sections probably are interrupted by many more diastems tlian 
aregieiicrally recognized. 

The dcpcj-iition of sediment in mCisl areas, nr its bypassing, is con trot led 
in a broad wuy by tectonism if sedimentary' basins did not intennittcxntly or 
continuonsly subside, they wTuild soon be Sited and all sediment would be 
carried on to other depressions cJscwhcie. 

Dfstwfbcmcr r^f Sediments 

Physical duludiaiiccs of wdinienf after depo.sitioii lliat mas produce bed¬ 
ding att of fwii typa (1 1 roiling nf iHittom materral fullowcd by settling at 
cssentliTly tJic same plac'e and [1] crosinn* by wliicli deponted sediment is 
picked up and removed to another bcality. Both wave and cuncut action 
arc likely to be ^stiociated m the disturbanrX" nnconMihdatcd scdimctiL but 
wav'CS prcdoniinate in roilmg and ciinen ts in crosiun. 

Tlic degree to which bottom sctlimeni is disturbed by wavtii depends upon 
(1) the sijce of waves, vsliidi is determined by the strength, persistrmcL* and 
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Sweep of wind^ {2 1 the depth oi 2 ud i 3) ilic «;:L>iar5encss of sediment, 
W^aTr'e-stimng returns sedixiieTit to suspcj^sioii iJiid ^cts mainlv on sediiiieni 
below i^iud size. If agitation i.< pmETaetc<h miitcnal is pievcnljed fmm 
settling. This tiiiiy be reniot cd by ctment?. ^nd thua sorting of tlie sediment 
is aceQ!npli?slicd, If Agitation iq k-mpOTan, resuspended sedinjmt settles ac¬ 
cording to sixemid density' and Rinded bedding may result. 

Abov<? wasi: ha^c, ^stirriTig affbets sedimentaTy particles aceprdmg to their 
density, and shape. As depth decreases, the sorting of sediincnt becomes 
more and more efficient. Bottoms at a dq>tfa of about It)C) feet or less are 
likcJy to be subject to more or less continuDus agitation and here most sedi' 
mentary sorting accomplished- Between tins depth tuid abc^nl: 3 [K] feet^ 
therefore, wlicrre iv'uvc action is intermittent and related to st£umv conds- 
tinns, the best opportuinty for tlic development of graded iKddiiig is pn> 
vided. 

Erosion tnay aecamplish iJie clc^ttiietinn ^nct removal of sediment at any 
stage nf its (ransiticjti ftom newly dqxjsitcct material to coiisohdated rock. 
Recognizable uijconforTiiities gesicruny record the erosion of consolidated 
sediment but they are not common enough to play an hnjMntanr part in the 
dcvcfopiiieiJt of bedding, nisciiss^ion of them is reserved for the nest cliaptiT- 
Miiior CTOsicJn*jl episodei that affected niiamHilidated f^ediment in relat.isclv 
small aras may have pnMlnccd many bedding planer, particularly in fSiiv^ial 
deposits. Tlicsc :irt invariably related to cnrreul aLtion. Ilicy' aie recogniza- 
bit if they resulted in the tmncutjon of older beds and bedding planes 35 in 
vTinoTis types of ciit-and fill stnichrre. lire combined action of waves and enr 
rents may accomplish erosion [n bodies of standing water at shallow depth, 
bedding planes so produced may be difficult to distinguish from those caused 
by orilv interrupted deposition, and there h complete gradation lK:hv«uj 
these t ypes. 

n^e wcHnii of lurhiditv cunents provides a spccijil case of ^ubaquettus sedi¬ 
mentary dhturbiince. DejKWik Jcsulting from rhem prrwide excellent eom- 
ptes of stratigraphic non uniformity rebfed to [ntermiftent dq>fwit]on. Sedi- 
ment moved by cxpeniiientafly produced turbidity currents ja the laboratorv 
sd±!e& in characteristic graded beds. Turbidity cwoents liave w^on wide popu- 
Ian tv as a media nbni cxpluiiiiiig llic textures and beddmg of some ancient 
sedinicnts and the natiire^nd ilishributiun of Mime fairly recent deep-sea de¬ 
posits^ TliC nncTitrcal lirtkiiig of gradtxl licxiding with turbidity curreiiis^ how- 
ever, opens tlir wayforscrioiii mbintcrpTeUtions. 

GratletS bedding certainly can be produced in othci way:^. Jt ne^ts, for ex¬ 
ample, horn differential settling in calm w^atcr of intermittcntlv supplied sed- 
iineiit no matter vvhat its source. The sediment may be delivered in the ordi- 
runy manner by streams, as was the sediment of glacial vmx-es. or it may be 
stirred from the sea bottom by waves. Furthermore, labfjralory experiments 
suggest lUat gradlug of fine-grained material may be caused bv the different 
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tiil scttliDg of IsTgO' anti hcavief particles within a mass of newlv deposited 
scdiiucnL Feriiaps this pnxess coirtinncs during the early stages of ccunpac- 
tion. Dcposiliou from currEnts of decreasing competence also produces 
graded b^dmg^ Such bedding h conimon in nrniy duv'ta] deposits; it may 
likewise rrsnit fn?m slackening ciments in standiTig water. Tiiiibidity' cunents 
probably have been more or less impfutarit in flic tmn importation and deposi- 
bon oF sediment m deep wTitcr but their pm^aknee lias m^t tjccn established,, 
imd tlie possibility of othet causes for graded bedding, partiailaily in shalJow- 
watcr sjalimcnts, sliould be carefully investigated. 

Compaction Bedding 

CompacLimi in. aigiilaceoiis sediments that were origiiially highly porous 
has been responsible for at least part of tlie appaieni bedding of maijy shiJes- 
Compaction pmbably fe accomplbhed partly by the rearrangement and re- 
ciystaEization of clay mmerak—a very sloiv process. It may be difficult to 
distitiguisli between the rissility so devtloped and true original stratification. 

Chemically Controtted Strotification 

A variety of diemical conditions has been the cause both for the direct de- 
vdopmcnl of stnitifica timi and for the alteraticm of sediments and ^iCilimai- 
tary rocks in such a wzy that stntlificatioii is accentuated. 

ChemiC4lI Scdinttrifs 

The c\-aj>orites are the most important chemically precipitated sediments. 
Their deposition was coutmlled by the composition and concentration of 
tvaporaring brine, ^fhe interbedding of rock salt, gii"ps^iri or anhydrite, and 
peihaps dolomite reflects changes in these factors. l\ records^ on the am: 
[land, mcreosmg couceiilratian of solutionsr and. on the other, dilution re¬ 
sulting fmm ttie inflow^ of fresli or nommlly saline icn w’afer. 

The ocnjTTCtice of abuudant oolites, glauconite, and phosplmtic nodules* 
which dniractfriae same slmta and set tiicm apart more or less shaTph' fjoni 
othen, records the action of certain dicmical proctsscs thai were effective m 
restricted areas for limited periods of tune. These were more complex tlian 
such a iclathtly simple process as concentration* Also ihev' seem to have w- 
quhetl the concutrecicc of certain piiysteal condiriona such as vrave-agitated 
watfcj fm odites and vers* slow detrital sedimcntatiDii for glauconite and 
phosphate^ Change in eitliei the chemical in: the physical eavironmen! would 
inhibil the development of these dqxisiJs, 

O.xidiifinii-Redutijon Prcxhicfs 

The uxJdtiing or ledudng qualities of environments and ihcir changes ate 
important chiefly in coiuitcHon wilh the prodijcfion, tranq^ortatjon* deposi¬ 
tion, and attetation of organic sedimenti, which are ccnisidcred bter, and of 
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iron ratipoimds. The latter may t>e concentrated in be<l3 of neulv pure sid- 
erite m licmatite, which might t>e considered clieniiciil sediruents, ot they 
niay occtiir as more or less minor constituents prchducing color banding in 
other sediaieiits* 

Die presetice of liaiidcd or bedded settimenbiri iron ora iuLerlavtred with 
other mateml stiggcst^i that rcduclug conditions pcmiEttiiig she tiansporta- 
lion of ferrous iron corn pounds in solution may ha^ie ahermled ^ith oyiidh- 
ing conditions inhibiting such tramportatiDii or that non psse<] from one 
eniiTfonment to the other. The iron may have been dcpositri iu the form of 
sidente that lemarned unchanged or was htei oxidized to hematilCt or 
charge to oiidiziiig conditions mai have resulted tn tiic direct deposition of 
hematite. In Precambrian time some alien ration of chemical conditions that 
is not imdeeitood seems to be required tu explain the Ijamicd hermititt de¬ 
posits oemning in widely separated regions of the world* Paleozoic and 
younger sedimentaiy iron ores, howtvtt^ probably thdr existence to the 
local presence or absence of organic ninttcr and an abundanr supply uf iron 
compounds derived from some unbnowo source. 

Red maiine strata are not coma ion but their occtirrrmce tti (omc fonnit- 
Hons seems t<i indicate a deficieucj^ of organic iiialtcr on tlie sea bottom ca¬ 
pable of reducing then fetric pigmails- Striking intcrbediliiig uf red and 
grc}' strata as in some Silurian ftrrmations of weslcni Tentie5^^ee sirg^e^t^ ch 
thcr abrupt Buctuatiuju in (he amount of organic matter deposited with the 
otfier sediiuents or on mtertongning of sedimirnts derived from different 
soiifces. Color layenng 10 terrestrial deposits may indicate variable amounts 
of twti pigment and its degree of hydruLioii dial was rekLcd to Queiuating 
climatic COnditinnS- 

Dohmii^ 

A1 though dolomite and limestone resemble eacli other dosdy, some dolo- 
mite h characterized by granular texture and bioftTifeh colon Tlrac features. 
compaTTvtivcIjr imcommon in limestone, aid iu the rccognitian of dobinite. 
Partial dolouiitizittion of limestone ma)' be very iirtguJai^ and trajiritian 
from one kind of rock to tlie other may not correspond to obvipus bedding 
stnictare, Selective dolomitizatioti. howevijr^ pfobably influenced bv 
some physical and cheiiiical diaracters of (be parent calixircfins material 
1 hcic arc more likely to inahitaih ktemi ratlicr than vertical iinifoTmity* 
Cotisctptcntly duloimlbiaiioii in iiiost parlkily replaced strata lends to per- 
m\ LttciaTly^ and attendant alteration of testnre and color mav serve to ac¬ 
centuate some originally obscure features of stratification. 

Cdfccire^ua CorrcT^iionj 

CalcarcovLS and more or Jess fcimginaus concretiom in argillaceous stmla 
geneEally ait disposed along parallel planes (hat coircspoiid with bedding. In 
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many sIliIs they hi miaJ j mote cotupicuous evidetiire of ittinHSeafion than 
the ilialy bminatioiL'i ivliidi imv have hcai developed by cninpticbon. Lay- 
m or FOnm of concidiotii commortly are contfntioiis. for con^Iderahle dbr 
tances and prmidc cas> and secure means of tiBcing stratigiap^ijc hDri??niej 
across large outcrops. 

Chert 

Chert iiodiilsp w'hidi ait^ abuudaut in many limestones, also generilh lie 
ilung planer or iu esteoding parallel mtli Hie bedding. Mnuh chert h 
sexondan' and devtJoped h\‘ replacement. Its presence pmtwbTy indicates 
original textural or chemical pecEiliaiitjs of the pediment. Therefore it ttiav 
serve to accentuate some obscure stratigraphic features of tlie limestones. 
Sotne chert forms continuous beds or layeis that contrast strougly w ifh ad- 
facent timalonCL More larely it cmistitutcs entire wdl-stiatified foTmations. 
Possibly some diert Is an origiual sedimentary* accumiiktiDri of silica. If so, 
such chert should be classed %ith the chemical sedimeiits^ 

UitwdfiStsl Solutwn 

Some stylolites are continumis for long distances and their developmcni 
has produced a type of p.scudostiatification in otherwise mther massive liine^ 
Stones, ^^le Salem Linicstoiic iMiss, J, for example, is divided bv hfiri^onla] 
styloUHc ‘ittrbces that form convenient parting pknes hi the large buflding- 
slonc cpiartiesfd southwestern Indiana. Insofai as stylolites devduped along 
surfaces Ur in zimcs ciuinictmml hy sliglit dtSereitLcs ri-f texture or dreniJCid 
coinpnsitioiu they jccentuale fc-jfmxs of ongirml stratificatifjn, How^e\-er* 
they may cut abmpth' acn^ss fhe strata and so axe nut a sine guide to bed 
djng. 

Aitlioiigh a Sunil ar ongjii lot thus prtings of chiv or shale rn limestanchas 
not been ccrtaml} established, \\ k probable that soinc partingv i>f tJiis kind 
liave been developed by nileistafal sulntinn slmQar lo that which poduced 
stylolites osccpl Jliat inteipenetrating styloiitic cultnnns did not form. Many 
limes tones enniiit rif ImIs sqxiratcd by siidi partings. Ccnetqllv they have 
htc^x cxphiiued as tcatiking fmin the perrodjt deposition ol intcfinittciith 
supplied <rt tranqxjrtcd mod or from the diSereiitkl settling of fine materiaJ 
stirred np frorn bottom sediments by unves. Many panhigs Lmdoubtedlv 
weie produced in one cn the other of these latter 


Biologically Controlled StrqtiFjccition 

Mnail csltaiTOus sediment ts of hiulogic origin, and biologic control Ims 
played an important pari in boili tlic amount and the tmd of calcareous ma¬ 
terial depcisitcd ill diffuTeiil strata. Also organic matter denived from plants 
and animals occurs in variable jniounts m mvst sediment. Color and other 
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properties may be cliuxtK influcnecil bj it7 presence, and its rale in oxida- 
tion-raductiom reactions bkewise is itnportnnt. 

Stratification cihs-iouilj lia$ been affected by organic inffuences. TTie type 
and distribution of both plant and animal comm tin itiesL howes'er. kite been 
controlled hy physical and cbemica] Conditioiis and these luvc ultinialely do* 
termmed tbc cllaracters of all strata Neserlbelcs* the eery sensiHve reactions 
of organisms to all elements of tlidr enviroiujieiits, and the consequent dif¬ 
ferences in Boras atid faujias, Juve pioducni much muie striking diffeiences 
in strata tlian would lia ve occurred witfraut their prcsente. 

Aijirncfijncsf of Life 

The eonipositiDfi and appearance of sediments and sednnentan' rocts do 
not ncccssHTily mdjcate the abundance of otgaiiisins that may Iravc exiatetl at 
the rime and place of sedimentan dcpositkni. T|il- ahsence of caldum car¬ 
bonate and organic matta^ is not evidence of a lifdcss onsiranment became 
the fiisr may Itave been dissoiwd. the second iiuy liave deeciniprjsed cenn- 
ptelcJsi and eitlier urbr^th may haic bceii plivsicalb' reiricivcd, TJie piesence 
of tlicscsubstai]C<» and theirqmmtities in sediments depend upon ilj the 
ahundance tjf (jigiinisms of the proper kinds, 1 2) the dcstnictiOii or tonioval 
of orginic pnsddcts. and f j; the rate of detrital depositjon. Organic pnKliictt 
are most likely to be preserved and to be abundant m fitie-gmined sediments. 
Shale IS the most common tnehly carbonaceous kind of ruck, and calcare¬ 
ous shale grades into Umestoue at many places. Coarse sediment, hccaisite of 
jrossiblv more rapid deposilioti and the rdativdy iinfawfublc ennranmeut 
it provides for manv oigaiuims, it imlitcly to cuittarn brgt propnrTions of or¬ 
ganic pnrdintt. ITiese are more subject, also, to subsequent destruction by 
both niddation and solution because of the penneablc nature of the sedi¬ 
ment. 

"Ilic interbedding of timestone and shaic Or the altcmaticrn yf pure and 
impure tnnesKme strata sui^ests either a ffnctualme popuLtinu of limc^se- 
crebiig oiganisrras or aii intermitteul supply «rf fine detrital sediment, Tlie in 
terbedJjug of gray and black sluile may indicate vniiability in jedimtrrtary 
deposition or organic populatiuii^ or alternating intetsah of greater or less 
ikstiuction of organic mateml by Intctcriiil decay or consumption by mud- 
eating scas’cngers. 'I bis dcstnictive organic activity may have been rdaUxl to 
the variability' of asuiliible irxygen. Intcrbcddnig of bincstoiie and saridstoiie 
is not common but does occur in %'UrionS Paleozoic forrnariom particularlv in 
the west, us the luw'cr purr of tlic TeiLslcqi Sandstone I Fciin. t of Wyonring. 
Tins kind of iuterbyeririg prohubly resulted from the intermittent spreading 
of clean wuvt'wushed sand far from its smitcc of origin and may liavt been 
controlled by Due fruiting sea level. Tfic periodic iutrodnetinn of mud into 
an .ifea of caleun’oiis deposition alsn may have uccuTted in lesponse to tem¬ 
porary intmub of lowered water Ici-ei, 
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III inltrbtddcd textural up’w-nnl hmi sandstone to slialc 

is cctitiTnoii whereas Hit reverse transition is likely to be mote abnipt. Botli 
lower and opper conkJ-cts of limstone interbecls in Kown-ei^ gcncialJy 
am shaip, perhaps because of etiv^ronracnta) changes that wtft altematdy 
favorable and lui favorable for lime-sKTEbng organisms but did not necessar' 
ily involve any gr-ait eliange m phs'skaJ conditions. Tims when turbidity dc- 
erased and miiJ was deposited mere and more slowty, a ttircsliold may have 
been racherd wlien an aiea became liabi table and it w^as tapidiy colonized. 
The newly establisliol organisms proditced calcium carbonate in sufficient 
amoutiLs to dilute and largely mask the fine dctiimJ sediment that coutiimed 
to accuniubte. In a similar way, as local conditiDiis beenne progrtssively less 
favorable for organisms, these may have disappeared suddenlvp and in tlie ab¬ 
sence of fnrtJict linie pruduction only argillaceous mud W'SS deposited. 

Kinds of Lif^ 

The kinds of oig^iiisins thui coiittibute matErial to actmuiibLtmg sedi¬ 
ments are importatit in determining the type of dqxMit tn pmpOirtiorr to the 
amounts of organ jc products and dctfitnl minerals in the sedimentary mbt- 
tine. The two extreme and outstanding cmmples of organically dcri^ ed sedi¬ 
ments arc limestone and coaL The occurrence of organisms that produce 
fiudi sedimenb is controlled by local cnvrroniiiental conditions. 

Organic prorlucb may be altered both before Lhcy^ are permaneiLtly de^ 
posited and aftemtird. Changes in calduni carbonate are mainly pliysical 
and iu^lve altemtioii of arugunitc to catcite and luoflificaiioii of sedtnmi- 
tsT) |iafticle» in fottn and sij^c. Lirgr particles and structures may be frag' 
mented before deprTsitiofi and rpcryitallizcd subsequentlj^. Organic matter 
is dtered chemically first by bacterial and bter by dymmiic proccsios. Its com- 
pr^itJon chiiugcs and the cliango is acc<nnpanied by modification of its prop¬ 
erties and appearance that may vary in dilteTcni: strata. As ciilicr kind of or¬ 
ganic product sufieis change, more geocralkcd maicrid results^ howe\^er, 
and nrigiiiii! diffcraiccs may bcci.irac progressively Ics3 dear. 

Organic uiMttcr in much sedimcnl: is so greath altered that Iftllc can be de¬ 
termined with respect to ib origin^ In ijtTatigrapliy it is miprrrtnnt mainly tn 
proportion to the amount present in any bed and tlit cflEcct it has had on lo- 
lal OKidfltion-rcductiqn conditions and tlicappcinaTice of the stratum. 

In contrast, calcareous sediments are nicne likely to preserve ongtiial tes- 
huts and stmetufes lliaL vary from bed to Ised. from /imc to ^ne, and from 
formiiLioii lo fonjialioii, Very fine-grained calcncoui icdimcnt produced by 
the achfin nf algae ot tscteiia or rcsnUing from the corrrminutinti of coarse 
material ih a cnmmtm coiistitutnt of jimdj limes!one. Recognition of its ori- 
giii» however, is uncertain if not itnfiosvible, Ccarsc caltareutis sediment gen¬ 
era IJy prr^videi e^ idence of its dcrivalitm. It consish of identifiable fossil ftag- 
ments or whole specimsis whose imtine determmefl texture of the roclt. Two 
of the most conspicuous and easily recognized hpes arc crtnoidal limestone. 
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comishng largely of disarticulated pial&, and coquinDid limestone, com¬ 
posed aliDost whully of shells. Tlicse ant] other Idnds are comnionly xntci- 
laycied. Jlicy tnay diitiugiiish diSennit beds or 7 jones. some of which arc 
continuous tlirongfiout mote or less lai^e areas. Each sartciy records some 
peculiar combjuatiun of enviiomncntal coiiditions. Anotlier characteristic 
type of calcafeous strata consists of clialk- Its diflcrence from HmestoriE tirav 
be related to post-dcpoiitionaJ eiivitoninetit which has not fostered coiisoli- 
datioii and firm cementation. 

Desfrurtion of Strtfff/icdtion 

Most areas of modem sea bottom support a varieh' of blimni'ing and wav- 
engiiig. or iiiud-eitmg. aniiuaU. Their activities stir and mix the bottom jcdi- 
ments aud may destroy not only details of itratificatiDJi m the fomi of thin 
Utts of distijictivc sediment (sec Eigiire p. 25^) hut alwall evidcijcc of 
these amuuU' eiistcnee- Some hriefly stable sea-bottom surfaces of the past 
havT been pttsen'cd by sudden burial beneath later sediment and Im'c re¬ 
tained the U-shaped bimows of worms. Such hitirows are knowu in rotb of 
many ages. They are moat bkcly to persist m fine-grained trtaiine sandstones 
hut they also occur more rarely in limestone and in slialc. Many fossil pele- 
erpods wrlh iLeir shells dosed in natural position ate foimd in shale and less 
ahimdantly in limestone. Some of them a[rp<:ar fa be bnrtowiiig forms that 
died and were eutomlrcd within (he sediments where they lived. Aside from 
these fossils, evidence of bilrrowrug arid <ng;anic disturbjiuce of sediment is 
rarely lecognimblc, UTicrc thin and delicate stratification, with which com¬ 
paction biuination should not be confused, occurs; sedfmerit cvulcntTv was 
not disfmbcd in such a manner, 

VERTICAL SUCCESSION 

Diffcitnt types of Iwds succeed each ofiier in stratigraphic seefiona in a 
great variety of ways, As considered iu gnratcr or less detafl, distinctioiiS 
cm he drawn between sections characterized bj f f) lithologic imifomiity^ 
(2) lithologic heterogeneity, and ( 5} patterned snccesstrms, Tli«e can be 
viewed at a sninfl scale that recognizes all lithologic variations from bed to 
bed. at an intermediate scale in which minor vrariatioiis are ignored, or at 
large scales ucecssirating more or less impoilairt generalizations. 

Lithologic Uniformity 

Unifonnity requires that a complex combination nf coriditions and proc¬ 
esses C)cic.iidiug tlte way from the production of sediment ihrongli its 
transpottahun and to its deposition icmained in halancc practically im- 
ehaiiged. M the time interval tcpvescnied hy a deposit lengthens, the praba 
bility rapidly increases that some charvgi; will have occuned and will be re¬ 
corded by 3 rccognizabJe diffenroce or dtscontinmty m the sediment. Some 
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changes iiat-'c, liowcvcf, left" no indjeatinn in tiie sedimeiihin' reand. For cs- 
amplc, PJeiKtoccnc loess deposits areaccimiubtknt; resulting fruiu a Inng suC' 
cession of seasonal dust jtoitns tiiat occurred in winter when gbdal melting 
ceased and outwash clinitnels w ere tdatively dry and subject to attack by vari¬ 
able winds. TTic loess shows no stmtibcation or otlier mditatioii of tlie an¬ 
nual mcjements of which tr probably is composed. .Xqucntis scdiiiienturv de¬ 
posits arc nuicli Tess likely to be utilforui because of the less selective nntuie 
of water trampiirtatioii. 

Actual litLologk utiifomiity is s-ery rare in stiatigraphie jcetions, Some 
change islitdy to be evident ctm within a single lied. Any degree of strafili 
cation is an indication of some nammifpniuty Verv finc-gramed sediments, 
such as slialcs .ind certain limestones, are likely to be most uiiifonn because 
they were deposited either in tfeep water ui far from laud w here the rariabil- 
it\' of factors related to sedinietitaty supply and tTaii.spnrh)tion were reduced 
to 3 niiiiimiim and dt^ositional conditions svere most constant. Also vers' 
slow-ly accuriiulatiiig materials are likely to show much iinifHmiity because 
teinpuTun vaiialioiw add little that is diffetcnl to them and there is ample 
opportunity for miring. On the other huud, rapully deposited sediment may 
be relatively muforni because no important ebange occurs tinring tlic brict 
time interval it represents. 

Uniformity may ittcur within s single bed or, svitli only raiiiui varintiotiii. 
may cliaraetcriic an entne fnniialiou, llic most satisfactory forniatioiu art 
defined and rewigiiiTcd on the basis uF tliciT lithniogie unity! In some forma- 
tiems gTEiit imifcrmit) is brnkeii only by thin partings of iSerejit seilimcn- 
tail materia) or other discotitiiiuitics that arc responsible fcfr bedding. Such 
formations record remarkably stable coiidiirons that persisted with cjjiJv mi¬ 
nor mteiniptions for appicckbk intervals oJ fmie. Fomiatioas of this kind, 
such us the Chultanooi^ Shale I Dev.Miss.), that persist throughout wide 
areas ate not abruidunt. Considerably greater latitude in iitimbgic unifomi- 
ity gctietaJly is toletaieil in the dehnitirm of frirmatioiis. I' ltithtnnore, if 
suriability witUm *ueh major litholugic rock varieties as the comnicmci tv pcs 
of limes kuie, shale, and sands tune tv ignared, important thickuesscis of strata 
may present an appearance of nntcworthv uniformity. Tlius 111 parts of llll- 
unis, the cotiie h'ilunan and Devonian systems fomi a crmtiiiuoiis JiniEStcitic 
sequence that is difficult to subdivide or ditfcrenliale on the ba.vis of subsiii- 
face rmirds. In gcntmtl, Low-evei, lithologic uiiifonnity is likely to clutraeter- 
izconly mmor legmenlii of thestiatigrapliic coliuiiti. 

Heterogeneous Sticcessiom 

Close CEinifliatkin of almost any stratigrapbie section bed bv bed reveals 
iioiiimiformtly ot uregularitv in lithologic ccunposition that lias resulted from 
the variable pioduction. tranS]xiTtatioii, or depositiou of sediment. Considcr- 
ing the many possikriltties there ate for cliaiige from iiine to time in any one 
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oraD of tejpecii^ a disorderly ^xiteiSsjon of differently cousH- 

tuted sftabi tii4y semi iioimal. 

'rLese elianges, Iiowevcr. are not likely to l>e entjicly random. A JLiinmJ 
order relates sediments with respect to grauj size and mode of origin: fiDiu 
coiir?;c to hiKT-giaiDed material and Lkeu to calcareous scdiinetif and vice 
versa, Tlic ^’ariatioiis exliiLited in sucecssivEly defjosited strata tend to move 
gradnalljr ur by small steps backward and fonvaid between relaiicd trpes of 
mat™], llius shakcomiiiDiily is associated with sandstone qu the one hand 
and irith limestone on the other, but rlie direct association of sandstone and 
limestone without mtenening skak is by comparison imuitiial jn most arois. 
The latter association requires ajucti more pronounced cJianges in the lectors 
responsible for the accuioulatioii of rhlficrent kinds of sedinwmt than do the 
former. Sudi cimiges are much lcs$ common than are luorc moderate ones. 

The directioii of cliange at any horismi m a stratigraphic section whijst 
constitution is iutemiediate 111 tlie lithologic series as fust noted h oniinartlv 
unpredictable. The general jntcrrtlation of faLior^ goieming prodnetioth 
ttaiisptniatiDT4 and deposition determines the average t>pe of sediment, 
and minor sliifts myy thnm' the balance first one wav and i lien the other. 
'Hius silty shale may be succeeded hy either sandsinnc or argdbceoui ihale, 
and calcesrcous shale may be followed by either argiHacetitis ^hale or lime¬ 
stone. General drift in one direchuii or ilie olherp lionwer, is nnt nnconimon 
in zaucs of oscillating sedioieiitary iiifinences. More abrupt clianges, sndi 
as tho^e tliat are cnipioyTd to define tiiany fomiatioii boundaries, arc clear 
evidence of mote rapid or mote pfnnoiinccd altcratiDUS m these influences. 
Abmpt change moie likely to occur from finer to coarser sediment than in 
the otliCT direction. 

Pottorned Socce&sians 

\tany stratigtaphic soqueuces, 01 parts of them* show mare or Ies dis^ 
tinctly various tyiia of icpetitioiis iiivtijviiig the Hicre^sive orderly ammgC" 
ment of diffcTcnf timls of setlinictit. Thes:e mngi: from vltv simple to re- 
marfcsibly camples. F^ch type of repetition m'ms to mdiottc tlie reoifreiicc 
of similar sedimentary processes und conditions in a rhy tlmue tu tyelfc man¬ 
lier. The pttcmtxl set|ucnces generaJlv are not exact dnpHcations uf e^ch 
other, di-stortions and irrtgnkriti £3 occtir in l>otIi the thitimcsscs ifnd the de¬ 
tailed lithologic diaracteri of their coirt^ponding parts. Tlic repetiIrons are 
likely lo be most 1]hvi^]m in the simpler patterns hecauve the ruore complex 
outs ptfividc: greater opi>Drtunity for snriatiim and^ complcTtity' increases, 
mote and more gtmera!izatian h required for their recogmtion. 

'Hic coiiimoti«r tspe of simple ptteiij is ihc repeated allminhon of two 
kinds of strata. Thii is most conspicuous if tlie tiifcreiim in elude hardness 
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01 icsi^bnoe to weaLhering iu oddltioo to other allein^tiDg (juaUtie!;, IntCT- 
beddtd ^ndsrtonc zni shile or liiiiestDiie nnd ^holf good, and birh' f:um^ 
mon^ examples. Ml of thfm recoid utL5hibdi2£d episodes diuiitg wliich more 
or less Ttgnlar flnctinitioftv \n one or several of the ^edimentarv' factors influ¬ 
enced local dcpCMitinn^ Some taark ttiositiQiial zones between foraniitions of 
contrasting Jitholu^ic characters. 

In alternating successions members occur in couplts that resemble each 
other clQsdJ^ Tlie relative thicknesses of members in diSerent couples and iu 
different successions, hcFwwcr, art likdy to v^jy consideEably, A cQiiipiir4- 
tivdy uniformly bedded siuxicssiDn broken oiil}^ bj thin prtings of difl^eut 
lithologic character b an acticinc example nf aftenmtiou, Tlte time frequency 
of whatever oscillation caused altcmatinn also m^y ha^t; ^'aried greatly and 
thus produced rncqualitics of this type. 

Tlic menibers of a coupk and adjacent couples in alternating iiicccijsiirms 
limy be tTansitional and grade into each odier^ or tliey may be slmiply de¬ 
fined by abnipl coiitaeh. ^Mtemating deliital merubets ^re hkdy to he mare 
or less tTansitumaL 'Hiey itcord deposition within a ^iiiglc Midimentary fealrii 
governed Ijy ^fcdimeiitaiy factors lliai are nol neecsiurily Mibject to grear nr 
sudden change. In contrast, contact slialc and limestone members 

are likely to be less fraJatioual. Successions of such members exhibit the most 
coiispiCbK>u& and tinmistakable t^pe of alteniatiniu Sfiale and limesCGiic re¬ 
cord the dominance of diffeieiit iiiore or less mutually exclusive sedimcntziy 
factors that govetiied the deposiliou of detriLal umlcrial and of organically 
derived calci im i carbona t e respectively. 


Varyes 

Topical \ET\m art snnually depcsited sedinienlary^ kyirrs that grade from 
coarser and lighter-colored IcTwer parts into fiiief-griincd and daiicr-colofed 
upper parts. Tiiey' accumulated in temporary' lakes formed along the margins 
of nidtiDg late Pleistocene glaciers or in other quiet water, lliicintsses com¬ 
monly range fiuiu a few tenths of an incli lo an iudi or more, but both thirir- 
tier and much thicker varves have been obsened. Most varvej consist of silt 
and eby although some are sandy or even pebbly below. "Hic coarser parts 
were dcpiisitcd in summer when new sediment was contributed by mcltwM- 
tCT. The frntt parts settled in winter from very quid: water tlmt may have 
been prufetted from distuibance by surface icc, \'arvcs commonly occur tu 
unintemipted sequences some ot which consist of a large number of com¬ 
parable laminae. 

Stdimetitaiy layers physically very Etmiliir to glacial varves occur at variniw 
placo ill tocks of all agei from the PiecainbtLin oau^nl. Tliese ate iinl defi- 
tiiteJy koDWTi to be aDtiual ileposits. .'Mtlioiigh some may be aiitiual. others 
probably represent much longer periods of time. Other successlcms of re^ 
pealed graded bedding resemble varves to their general characters and rela- 
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tions. All sudi dqMsits caii be grouped togethec fat descriptive purposes 
because they constitute a single type of patterned suceession. CettaJnlVjp 
however, they are not alJ gefietically slmdar. 

A vime or comparably coDstituted Liver corresponds to a couple iti an al- 
tctttaring sequence but its parts are not div^isible, 'llieie is no doubt whete a 
varvt begins und cads^ In an ardinary aliernatlug successiori one meitiber 
might Ixf cmnbiTiCTit equally wdl with either a pieceduig or a following riiein- 
ber to form a couple. In vamd sedimmU them is a dtfitiitely «press«l di¬ 
rection of change rq>catcd many tunes that is not present in all alEemntioiiSp 
Ordinary alternating mcccssions and varv^ miglit l>e consideted to be the 
simplest types of scdimCBtary cyelcs. Ij so^ the altcniating succession^ consist 
of ^y-rniiietrieal cycles and the vatved successions of asymmetrical ones. 

CveJ^s 

SedimentaTy cyclic are recurtciit sequences of strata each consisting of 
eial similar UlhoIngicaHy distinctive members arranged in the same order. A 
great vancty of tycles is possible ranging from simple to quite complex hut 
only a companihvcly fc^v types actuallv have been recognized. Cycles may be 
either symmetrical or asymmetrical depending upon the p^itlern presented 
bv dieir nieuibets. ’Tljej' record ilie occurrence of a definite series of phystc^i 
cuuditiniis, ^nd resulting scdiuientary envimiiments^ tliaE weie rejscaled in 
the same tirilei: wi th nzdy inuior varotiaus. 

Symmt^trkd Cyclff-s 

Symuictririil CTcles consist of members arranged first m a progressive and 
tJicii in a perfeeriy mntcliing reverse order. 'Ihe suiiplest cl early evpiessed 
type requires five mcTubets and includes three differetit kinds of icdiment. 
Such a eyrie, fnr cx3mpk> is indicated in Figure Hi A. by the i^nccc&sitin of 
sandstone, shiile» limcstoitc, slnle. and sandstone or equally by Hmestoiie^ 
shale, sand^tone^ shale* and limeitaiie, which h txiictly the se<]UETL£;c: 
difiaeutly ihvided. This type iif cycle may also consist of diScrent sediments 
—-congJometate, sandstone, shale, saiidstoiie, and conglfiuitrate, or shale; 
gvpsuTJi, salt, gypsum, and sbislc* as well as many others. Greater complexity 
may be introduced by an increasing number of membeTs of hujtc Iduuls or by 
greater divcrimiitariuii in lithologic tbaractexs as in the snccmiou sandstone^ 
silty shale, black shale, calcareous sluile, Uuiestnne, caleaietm^ shale, bbick 
sliale, silty sliate^ and sandstone [sec Figure HlB j. Tills [lattem can be et- 
pressed in a general W'ay by the formiilu I, 23* 2^ I or in umre detail by I, 2s 
fsOtyoT^sandy), 2b (black)«2c (calcateous), J. 2c, 2b, Is, 1 + 

A succession ol ssmimetocal evdes icpiesentsa series of mure-or less perfect 
oscillations, llic turning points occur vi'itlun mem hers i and 3 in the forego¬ 
ing examples. No tiorizou vvithin tinsc members* however^ provides a sativ 
factory stratfgraphie boundary. For convenience* therefore^ riic divirinns bc' 
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iwcr. rj-tio »« ni*d« al maute bouadana. 

1 f OT snmc otlier similar way. a? siwnvi) m Figure Hi. 

‘ ire mijsl likelv to be devclupctl in iiiarine dqjosits. The sea proviiies 

gr^ir stabilil)' thmi the other gcnenil eii^atonments. and. in spite of sueeesr 



Fimjr* Ul. 5t«iti5»oph«: .ymmttriral 

A Iho** th. eye!., e. 

Zna rondilina at tiv* r..mb.n B a ilmflarcyrl. la -h«h 

□ larger nionber of m.mb.n «" b« fecilflnirBd. 


Clmnacs that result m the deposition of different litfmlogicjiiembm. 
Lm mteifcrcnee In inegulatilies required for the d«r^ 

treeuoin no j 1,.^^ nerfect s™mfiHy inatcliing rnembet? 

Sd V c<(afllv tUick ai'wcU » idmtolly ™a.^hited. Same vanahili^. 
tSiweseTii^icvitabk and for practical piujsoscs diffcictices m dnekness and 
difaem-B in lie UH«toS« dBdapmta. nf «,nBpoad,a6 memte 

SmamSSi .aamm citlB can bn nplaircd limply ai rendlinE bani ntlicc 

regiiki flurtiia mn ^ ait^iougii more complicated inteiactious 

a -Lnaa » madbaac. ibala. bme 
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cycles unless they are accompanied Hy coal. If tioa- 
marrnc strata are designated by bold syinbok, the 
cvcie mi^it have some such foim iis 3, 2. or L Z. 

2 ; % 2,1 

Ajymriwjtncaf Cycffl^ 

AsyiiuEieiTical cycles consist of successions of mcm^ 
hm that do nrjt matdi io Nieir pmgrraive anti re- 
vCT^e orders. The a^ynmietry niaj stem from the 
absence of one memher from one or more of the 
matching pairs or from the introduction of one 01 
inoie sinek new anmatclied members indicated 
by sucli fcmtiulas as U 2s, 2K 2c, 2, or LT, Z, C 

(coal)* % 2*iis shown in Figures H>C ami 144. 

'fhe niimher of possible irregukriricstif tJicsc types 
is verv great and some cycles Jlrc nuicli more asyni 
metrical than others, .An otherwise sjmtnehjcal cycle 
from whidi one or more memhers fiave been lo!^t 
thmirgb. ciosiou al an imconfomtiiy should not. 
however, be cofisidc^ed asymmetrical (see Mgurc 
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stone, shalc^ and sandstone, for c?fample, regolar fnmsgtcsrion and tegtarion 
of the strand line b suggested rvith ariendant deepening and sliallowjng of 
w^to" in offshore arca$. IF however, the strata under 
consideration were dqis^nited within the ione that 
was alternately emergent and submergesF the nek 
might lie temiinated by au imconformity or ruiglit 
include terrestTial as well marine Sftrahi. An mi- 
conformity might product a qrk that could be es- 
pressed by the formula U, I. 2. 3, 2. Here the uncon 
formih' provides a logical mtercyTlical boniidary [see 
Figiirc H3A), 

Dctrital rian-marine strata arc diFEcuIt to clistin 
gnidi hnm similpr beds dqMHited in dcUas or othei 
shallow tnatgjniil areas of the sea. Tlieir presence 
make littk difference in the constitution of 
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Fl9Ufe 142. urn- 
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IfTQla rep rei«fi ling a 
ttCCettioiT of jymmeincdl 
»di mgnta nif CjFC^eih 
praUiCdl iBOiont kokKid- 
ofiet arv ptaEsct the 
mtm- 

b«ri pf diffwent fi^ka- 
logie chnrcitfiT rajhit 
Hkip [n iHe m\d^ st 
} oi ^ 

would b« iiR|LHr«d if 

*oid> tydio 

wBrv ho iliow paTfgd 


Pcitiwyi vtfumn Cydath^im 
The foregoing discussion and jnaly.ris of synimclri- 
cal and assTnuictricSil cycle arc largely theorcriCji!. 
llie actual sedimentan’ cvcics that arc best known and liuw been most 
carefullv studied are characteristic of and institute the Pcnnsvlii-anian Svs 
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icm in the ceuhaj and tastcra United Stats They ait asynunetrical, and 
niQst of them arc oial-bciring. They a it tcitncd oclothems, 

Pennsylvanian cj'clothems arc quite varied in their deYdopment and range 
Iitnn siniple to cnmplesi All of them, howcvti, (.’an be rebted to a single pat- 




figure 143, A. C^jluwmar HCtfon ihowing tfraia rflprv»e^t{ng a itfdiinenlanr iTjfd* 
timHrd obove and |seE&w by uncoflbnni1t« Whkfi pfavirck cpnvanJflUt bourtslgr^ TN* 
ilmm i>f rnOil cfdk wiunfK** of tfis Pefini/K^ninn in Hltnai? ojmJ nvi^kbarura stntM 
C 4 T 1 be ditided ^nrp non-marhiu ond moHno portl. 

Sr CofLirnji ihowlng ircsiti F«pr««nilng a iimple >aiymm«tr»cot t&dJmontary cych. 

In iikN an Hjccmiphi, ofynTmeftry ftailti from Hit ob4on« of cmn or more membart 
from Hit* lequanetL 

C. Column ikow^g iirohi rvpm&fiimg 0 mnr* compliiA oiymmfeltktil HdlmenltiTy 
cycit. In lUcH pn uxompl^, anyminetry raiubx friHO thn prftitnc* ol onfl pr rharp msm^ 
hflti. thol or* H'DI repEQltd In roiM^ne prdier. 

tem tliilt corresponds with the most complcat type. The others ca^n be con- 
siderrd incomplete otpresiions of this pal tern. Tlic ftiU succession of mem¬ 
bers identified hv' the nuinben and symbols tised in the foregoing fonnuliSp 
and 3 few additional ones* h ihawu in Fignre 145 and Table 10. 

This IS a composite idealised succession based on the observation of many 
cyxlotbems at many places. It U espeeiafh characteristic of thar devciopment 
in Illinois and immcdialdjr adjacent states. Few^ cyclotheins attain tius full 
development at anj'place and almcjst aD cydDthems, as they areaclually con- 
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Taju.! 10. M^mbcini of a FiiUy Dcvv^apcd Idealkcd Qyclothcm 

of tha Type Occunic^ Iq Tnimiiii Trlr mrifti-H by Syxnbdib; aA 
in Tadt (see Fzgtire ]-45|| 


Upper ['MMjiiiEl' 
Hmuiryfiatlieiii 

Lower {Non-Mariae) 

2i^ ^ty 

C. Goal 

J, 

UcbdrrcULy 

SHaIc- caldAcmuf 

LiPicmM 

2b, Shflir, btflck 

Stiale, iJTifiy 

L, lifutjmne 

S^diloii-e 

2l, SJiaJc, ailti' 

U, UnconfonwTy^ Ijtc&I 


stituted looiUy, Eire incomplete in some Tespcct. Inccniplctcocss s’sries fmm 
pbcc to pbec in jitdtvidual qiictotliems as particular Tiiemhcrs are lackji^ 
thmii^liout diScrent areas. Many* cyclothems^ however, il 
thw are eomidctcil lnoadly. possess all of these members. 
jUso, though each memb^ is somewhat variable in its 
lithologic development and thickness withm a cvtJotheiu 
or in different cy'elcthcnu, it possesses certain general 
features that characterize ft and serve to identify if with 
the correspondiug members of other qrcbtbems. On the 
cither liandf few strata occur in the FeiiiisyTvanijii System 
in the central and eastern parts of the United States that 
do not fall into this pattern and do not correspoud with 
one or another of these membeu. The eomplete eyclrv 
them as outlined, theeftirc^« a rarely realized ideal repre¬ 
sented hy a great variety of mote or less imperfect actual 
examples. 

The Ptnnsvlvaitian cyclothem is very strongly asym¬ 
metrical. Of the eleven membeis mdicoted. tfic limfcr 
ten represent a piugressivc or tramgitssive phaie and 
only the last, or the uppermost sliaic mEmbei. repre¬ 
sents the TCVCTSe sequence or regressive phase. A tnoie 
useful subdivision recognizes a lower or non-mariiiehenii- 
cyclothcm and an upper m maiine heuiicyelothem. In 
Illinois and adjacent states these parts commoni) are 
computable in thdr development with lespecl to thiek- 
ness and number of constituent members. In other re¬ 
gions these relations differ. 

Most of the detritaJ sedhneut of the Feunsykantan Sys¬ 
tem m the central and eastern United States is believed 
to have been derived ftvim highlands on the cast aitd 
south. As stratigraphic sections developed in areas nearer 
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in¬ 
to or fjitlin Irom these source areas arc comparecl, the relative innportauce of 
the two licmicyclotheiDs x'anes with respect to thicluiess and diffeicntiation 
into Tucmhers. In the northern Appalachian region non-maiiue strata domi¬ 
nate, Only shale overlies tlie coal in luany eydothems and in some this metn- 
her may not be marine. Such a cyclothem might be constituted Ut L Zs, L, 
In, C, 2s, a£ shown in Pigute l-f6A. In riortheastem Kansas and Nebraska, on 



Flguf* 14S. Stftuigniptric wcrlan ihowlFif O CQmpletsJy dev>lqp«d ^Mfl- 
■rlvanlofl cytKothiim of fH* ktnd ttml ocuun in IHInqb and ncio^i^aoiing 
rhEi coJymn h ^maraJittd and idvaliind. Few actual c^cbtfianu are te fuffy 
developed oi any facolilyi and one or more of the memb^n iKown hers 
canvmanV abienl. All of thM rnemban oemr^ however, ij| on« place or 
another £n merry cycioliion]|- Frw itfotn other t^qn lh«« ihown here arc 
pment m any Dlbiott cyclotkeni. Wheie Ihey do occur^ they oaeitllute very 
kicql irrv^ulonties of thii lequence. lAHer Wellfer^ 1^57* Geql, 5at. Amer^ 
Mom. 67 , vol. p. 33 lp 
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tJiC other h:?nd, marine dominate. In many oi rise c^clothems af tliat 
region only shale underlio the horizon of tire coal and in some liiis 

member a ho miry be marine. Such a cyclothena might have the constitution 
35. L, 2b. 2c. 5* 2c. 2s. as shown tn Figure In many respects the cyclo- 
thems of these tw’o regions arc so diSerent lliat tlie}' could not be mmjiared 




Rqvre [46. A. Sirafigraphjc i&rfkjin ihowing a ^ 0 nniytvfinian cycloThftm of 
fh* type Fhai It dairrntan Jn fhe norTti^ni Apnabcltpen t^glan. Hi}* h on mam*- 
pltlA develgprrrant aF The cydolhem repre»Ti|ed In Flgult 14^, &&d& «f iht 
upper l^arnkyclo^hem are gndrfferenfi5(&dH CtrPliainEy IdfrrififLDble rnarinfr ilraig 
Or* locking, end ih^ upper »Ka|e, 2l* nwy b« flOn^ariilE. 

Br Similar isetfon thawing m P#nn^yhw^^^fln ryd4JtfiHrn qf O typt fihof h com- 
nron In eaiTarn U aE» It on lnooiltpl*l« dEvelapmErtF of tK« Cyclot^am 

raprE^enred ]n F]gur« 14S charoctfdind pOt^khilarFy by the qbiance of cooi and 
undordny. ftodt In The iow*r hnmicyctolhftm generony ore itndFFkrfrPlIaled In 
the lower ihofe, whkh moy indud* no non marine ttmio- 


if the intermcdiittc type ofcy clnthem knowTi m Illinois, toliidi shared some of 
the charactcTS of botlu did not cxiU. 

Ibe gencml dcvdopmmt of cj'ciothems rhanges witli their pastrimts m 
the strjtigrgphic sccticm. The older ones art compaiativcly simple and in* 
complete, They are much the same in the three regions compared. Later 
ones become more compkx and» particuJarly^ exhibit greater diffeTenfiation 
of the rmirinc members. Hus progress is more rapid and proceeds farfJier to- 
ft'ard the ideal cjebthcni as corresponding parts of Lire ^riarigraphic section 
are traced from east to u'esL 'Ibe youngest Pennyslvimian ijyelothems diBei 
cojisjderably in the three region*. In the northern Appabchian district thej^ 
rei'crt to simple types and include few certainly marine members. In rilinois 
stinic of tliem most closely approach the ideal esdathetn. In Kansas and Ke- 
hosbi somemay Iretxc lush'd v marine. 

riit complexity and Tariahnity nf Pennsylvanian C'^-dotheras and their 
general cliuuges^ both geographic and stratignaphiCH provide so many features 



















V74 


Sm^TlGRAPHlG PRINCIPLES AND PRACTICE 


iGqoTnTig cicplan^tiou their $nt:etpnE±2tk>n is otoEndmariTy difficnilt 
Among the miiny ideas that havi: been presented hi attempts a! etplanMipo 
and interpretaHon of cyclothmi^ and simdar slratigtaphic stioct:s$!ons^ some 
have been concerned with conditions of sedimentaT)-^ deposition, some with 
transportation, and some with the origin of sediments both in soiins areas, 
which mtitrilrnted detntal mateiial. and w^tliiii tlie faashis where ^^tious or¬ 
ganic products tt-ete created and preserved. Among the tnoic important am 
the fnHow'ing: 

t. Production of detiital sediment. Differences in the quantity of detrital 
sediment produced in and eroded from the soiucc areas may have been 
determined by alternations of (a) uplift and snbseqnait penepbiiation, 
(bj elevation and subsidence [c) glaciation and deglaciahon^ id] rebti^'cly 
Iiiunid and more arid ages, and (e) episodes of greater and less groutb of 
protective vegetatiori. 

2. Transpartalion of sediment. Tlie trensportation of siamble quiintities 
of dttrital sediment bom the yaurec areas and iti delivery to the basins maj 
have bc<m ddermintd by (a) climatic diange that altered the amoimt of 
water flowing in the streams^ (b [ cmstal waiping that modlSed slopc^f and 
changed the tirmspirtabonal dficicncy of running w'ater, (c j the building \Tp 
and breaking of stdimcritary bamer^ and bars diat sen'cd to dErect the deliv¬ 
ery of sediment hi%t to one area and then to another, and (d J differential 
compactian of newly deposited sediment that-reanlted in unequal dcpressiai} 
of the surface, tiius dctcnnining wliere additional sediment wtii.ild be deliv- 
ocd. 

J. Quantity of sediment. Tlic qmnbty of detrifal sediment deposited in 
the basins may have been contmhed by (a) mtenniitent subsideuce in the 
basins, f bj aItcmatc depressi(in and uplift of the basm areas, {z} sea-lcvd 
fluctuations, (d) ^moimlof sediment ddivered to Lhebasias, and ( e^ filler- 
kkg action of coal swanrps that interfered with delivery of sKhmeiif to the 
basins. 

4. Quality of icdimtnt- Tlic kind of sediment deposited in the barfirs 
may have depended upon (a) type of sediment cklivcttrd* ^b) depth of wa- 
ter, (c) distance horn (d) salinity of water^ (c) growth of seaweeds^ 

(f) acmticiu of bottom yrat^^ (g) amoimt of detrita] scdiincnt deposited:. 
(h) transgicssioii or regression of sea* (i) slope of alluvial jtirfaccs, { [) cli¬ 
mate^ tkl diffetenbaJ compaetiori of sediments, (1) existence of barrict^ or 
bars, and fm) occiutcficc of fic^h-water lakes. Most of these possible hetnn 
may have influenced dctrital sedimenfation. Those whidi may have been 
ipecfally inip^jftant with itspcct to lime deposition are b* c, d, f, ^ and ni, 
and peat accinnutatiou may liav'C been especially respuu^ive to b, g, h, s. 
fc, and L 

No attatipt is ttiade here to eii^aJuate in detail these suggested factors or to 
consider all the po^ibditia of thdt iutemetions. The ven widespread occur- 
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reace, howetw, of msny mcnibcn which felittctJ tci approstimute time- 
racJc imih and the extensive conhnuih’ of individwal cycletficm^ indicate 
that sonieof the mOist tinpurtant factors wcic hnwidly mfloentiali 'Fbey there¬ 
fore were probably related to controls opera ting principally outside of lire 
basins riJ dq)€X^itiGti. On tlie other hand, the ctiaracteristic vaTiibility of ino$t 
c>'ctothcin5 scenis to piovide evidence that other factors were only tocjtlly ef¬ 
fective in controlJjiig or niodEh'ing sedimentary'deposition at different places. 
The strong ^symmetry^ of the composite cjTlolhem is clearly shown by the 
general pTOgrtSLs-hc detrease in coaiseneas of detrital sediment deposit etl fct 
on one side and then conHuned on the other side of a transgressing diorelint 
and forming the Tncmbcis from the basal sandstone to the uppemiost Jime- 
slDitt. *rhiis the cliHiiging condiiioiis and processes lesponsihle for tlic de¬ 
velopment of cyTlpthcms shifted gradually and mote or less contiiiuansly in 
one direction and then were temiinaled by a relati’^ ely shoit and abrupt re- 
versa! that is jccordett b>'otily the final shale member. 

About lOll succcsiiivc cycIoElicins have been dLStingiiLdicd in; the Pennsyi- 
Syitcm of the Uiuted States. Similar or only slightly modified cvrrlo- 
thems continue in the lower Permian, llic number of cyclothcms present in 
companiblc parb of the stratigraphic section ’I'arica semerwhat from place tn 
place. 

Other Cycloth em^ 

Coal-bejriiig eyefes, wfhcfi aUo have been termed eyebthems, occur in 
several post-Pabw-oic :!;vstcms_ llicse are siiperficLiIly simibE to Pciiiisyh'a- 
nian cydothEms, but detailed ctimp^rfiom show tliat most of them aie differ¬ 
ent in several imptirtant te??pccts. For e5tatuple, cyclic members arc ndilier so 
tiumerous nor ho divtinctnv, tiic rdatiotis of tnadne and nim-rhafine strata 
arc nol the ^ime. ctnil beds are neU nearly so ecteiisivdy de^^tbped, and typi 
cal undfrebys do not occur. 

Upper Cretaceous cycbthcms in Utah and Colorado cimsist of four metn- 
hen: (t) marine shale iincojiformubie cm underlying (2) littoi^i] 

marine sandstone^ \ lagotinal sundstoiie and sbaic^ and l-f) coal. Tlicj' 
can represented by tlic formula U:^ 2^ L 2s, C, as shown in Figure 14? Tlic 
dci^ebpnient of these cyrbtliejns varies in a difection at right angles to the 
anckmt sltnreline. In 2 seaward drreebon die Jagooual dqiosit^ and coals div 
appcjir and the shales and sandstones Fonii an iiitertungned success Jon (see 
Figure 391^ p. SOI ). In the utlicr diteclbn the shale and sandstone ]:iienilH.-r7i 
thin, and the succession aiamly of lowinDd estuaiy^. finod-p bin , and 

swamp deposits with coal beds. Each cycle seems to repreient rapid depres- 
Sion of the marine basin followed by a period of stability tljjring wiiicii depo¬ 
sition Iniik irp the li?v^d. of the sea bottom and the shoicline migrated sca- 
w^ard- Gffid swamp? generally were confined bdiiiid barrier bars or licach 
ridges ihowii in Figure 5^, p. IT"^. These rclatbrL'i are v^ery difiereni from 
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t}iose tluit prei juled dmiug Pcnnsj'h'anian time, wJien subsidence of the ma¬ 
rine basin was graduaJ, the sea slowly spread, over an extensive coal swamp, 

and dqxjsitiDn in the Sea was Lusuffident to com¬ 
pensate far dcqKning of the water. TTic Creta- 
ceoin cycles arc dominaiitly regressive whereas 
those of the Pcnnsylvanmii arc dumuiatitly tjans- 
gicssivfi. 

Some of the coal-bearing middle to Lite Tmtiary 
depasits of the Philippines appear to he arranged 
in DCariy symmetrical qdcs in which both trans¬ 
gressive and ftgressive hemicycles are well devel¬ 
oped. Coal berls trecur at rather regular intervals 
separated hy argillaceous strata wliicli alternately 
include sandstones and liinestoncs »see Figure 
HSJ. ,A11 of the detaOi of this sneretskm have tiol 
been detennined but at least some of the sand- 
stones arc uiarinc and the linicstones grade later¬ 
ally into day with abundant cerral fiagiiumts. A 
single cycle appears to incltide two coals; perltaps 
it can be represented bv the fomiula 1. 2. C, 2, 

2. C, I 


U 1 



z ^ 

OCC - 

z< 





^ i 

; 


u 

z 


X 

1 - 

o 

u 

> 

u 

ct 

,T— ~ 

i 

-- 

U-t 

_I__ 

C 1 




i 

; 




iV (cgacTTclof hems 

A mcgacyelritheiii is a evde ol cyclothems, 
Wljen megacyduthemv were first devttibed in 
Kaiuas, a rttiiniiig sequence of three to five lirae- 
itoiie iiicnilM;n, icparatcd hy ihale, wtis believed 
to becqtiivalent to an equal number of cyclntheiiu 
of the tjpe described m Illniois. At that time cy- 
clothcius ivrth more than cine marine limestone 
had not been oliscrvcd Later when a lecotid ma¬ 
rine limestone was duenverL'd to occur m many 
cydnthciiis, doubt (kvduped regarding the nature 
of sr^callcd mccaevclothcmi TIk jiufisihility wns 
conridcml lluil the non-mairiie limestone of the 
low-cr iiCTnicyx'ltithetu rn lllinori grided westward 
mto a marine bed and thus uccouiitcrl /oi a third 
Imicstnnr nf the Kansas cycle, njcrcfore the so- 
called incgacydolhcni nugbt lit only a mote ctrm- 
pledv developed cydotUem diaractciidic of a te- 
gion where itiariiic conditions tlnmiiutcd. 

Mote detaded cumpariKins have shown, however, that all but one of the 
sluale members separating the fimestniics in a nicgacvclolliem ate very iocnm- 
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plutc repfeseiitDhh'Cs of tioii-niarme bemitTclolhens^s and fliat the central and 
most cltarLictcristk pint of a mcgaqcintheni Vi-illi its four Hmtitnnes is com- 
posed of three cvLlothems, as shown in rigiue 149. Tlit middle qciorhtrm 
hat the general fonuuh 2ii, C, h, U 2b, 2c, 5, 2c, 2s. The coal and under- 
cliiv genemny ate abiitnt but the iiinestanc- 
hhek shak-Jimestonc sequence is characteristic 
and almost mvarcjibh prcfsent. Beneuth this hes 
a second cjcJotheni w-ifh the general fomiuJa L 
Is* 2c. 3^ 2s- It IS less unjfonnK' developed than 
its neiglibor. Its times tone may be lacking and 
rt may include a tliiii tmh Tlic uppemiust ct- 
clotlicm of the tlirce has the general formula 
1 % 2c, \ 2 ch Zs. It also is variably drteinped, it 
rarely inclndcs coal, at id iib limtstFjnc may be 
niimng- Succcssion.s iri this type, gCTicnilly with 
tJiiee or four rnanne lunestone^* are ^arated 
by inipeffcctly differentiated strata, mosth 
shale, that niay include another limcstaue and 
ijuc or two ikui coals. These intervening se- 
quaires appear in currespoud to one, tw^o, or 
ptissibly more very hicEiinpletc cyclotlTems. 

ScvciiteeiJ fiiegacyciotliein^ luive liccn distin¬ 
guished ill Kaunas. 

riie megacyclothcm \s conspicuous in Kansas 
beesrese of tlie poor dci'dopmejit or abvence of 
noil-marine strata in tno successiv c tirtlothems 
[the middle arid upper fines that iarvi: betn 
noted ' and the grnnpnig of tlie maiine 
limestoneji iu these and .i third mutedying cy 
clothcin. A onui pa table hut diffcrenlh consri- 
Eitted megacydatheui comisting of thiee to five 
cytSothems occurs m the nppcmiost PennsvI- 
ViVunm strata of Ifhnois. fts pTmCipaf parts arc 
tvvo weii-dev edoped csrloEhems- Tiie low ct one 
IS characterized by ibe liujcstraie-blacfc sliaJc- 
liiiicstone patl of ihe sequence Find die tipper 
hav an tmusiiailv thick marine hmcstoiiic/These 
cnrrespnnd hi ihe middle and upper limestone- 
bearing CTcluthenis of Kansas. Roth Illinois 
cycJotlirnis* bmve^'er, liavc well<lc\'clopcd non- 
marine liemicvctothcans amJ their lin^estoiics ate not do$eU groaped like 
therein Kansas. Above and below these qdothemif occur thm^^hut fairly 
wTU-develflped cyclDtiicjm wtthuut marine limestones. TIjc shales of their 
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tapper herakydothems contain fossils of biaclush water tatJiCf ttum fiomially 
marine rjpes. No megacyctotheois bave been recognticd in the Appalflcbian 
tcgioiu 
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A ttill Idiger renosytvaaian cyde occurs m It comLtts o| sae- 

cosrvc m^ct’ctotbcitis, Eadi group uf thii type is aseparated atljacent 
uniilaT ones by contpatativdy thick scrfucttccs of dctiitaJ strata probably ar¬ 
ranged in sev^ imperfectly differentiated cydotbeuu that iiidudc dian- 
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ncl siinditones znd genexaUy one ot mart thin cosh. TlitV iiie termed hyper- 
cy'chthcjni?Attd tliere aie foui of them. 

Tlic OU0M ijf megacryclDtliems and iiypcrcvcbtticm? is not tnidcTStood- 
PcTJOdic varisbiiit)’ of maniie submergence and cmergciicc undijabtedly dc- 
tennined to some extent, both the thickness and the lithologic ch^Tacter of 
the jjianne and non-mariric p^rts of icdn-idinal cydothems. The occurrence 
of larger cyclic sequences in basins adfacent to the stable Ozark region prob¬ 
ably iiidifiiEes^ liowet'er^ that tlic sequcfices were related to a longer pe 
riod of Thythmicity in the subsidence of thebasiiis. The particularly ^kod de 
vclopmctit of large cyclic setjiicnces m Kfinaasr ala? suggests Quit intemiittenl 
bodes of nnpotiauL dOAmwarping in the Ouachita gcosyncluie to the 
south rn^y liavc played a part in fhe control of nnitliwaid-spreadiug detritul 
sediment Perhaps such movements produced a great sediment trap whose 
effect I veiicss varied from time to hme. Periodic activity tn die geosynebne, 
however, does not seem to liavc been rebted closely to i^hatever processes 
wcic rciponsible for the development of individual cyclotheius. 


Greot Cycles 

As cycles become larger, consbt of greater thicknesses of strata, and repre¬ 
sent increasingly longer intefvab of the oppartimihes lot iF'ariiition mnt- 
tjply, distinctiveness docKoes, and more and marc genemlLZatiari is tcquirxrd 
for dicir recognition and characterisation. The pniiit may finally be reached 
whete cycles become more imaginary' lhan real. Progressive transition from 
the concrete toward the abstract is wdenh for acituplc, in tl^e preceding 
emrsidmtion of i^ttemcd sequences itartjng with isiuiple alteruariom md 
vanes and conlfiiuing to tht greater complexity of eye loti iejii% mcgaq'clo- 
themsp and hypercydothemfi. 

The desire to distinguish patterns that ate useful fot classiheaHon, inter¬ 
pretation, prediction^ or other purposes seems to be a naiural attribute of the 
inquiring human mind, tt is evident in ;ill tlie sciences and in many other un- 
related fields such a^ stock market flijctnafions niid astrology. UndonbtedK' 
I here arc varitJiisly dfsfiiict and v“aiioibly signiJrcattL valid patterns that can 
lx: recognized amemg nattiiaJ phenomena ^ud human activities^ It is mr^afe, 
however,, to accept uny of tlicin wiithout the irtos^t critical examination and 
careful testing as to their reality and meaning. Facts can be warped too easily 
by shgliHy ^Itcrmg the emphasb accorded them tn piodutc patterns compati- 
bfe with preconceived or favored! notion.^ or oepedient con elusions. 

The diastrophic cycle that lias been believed to punctuate geologic time 
and to divide ft into periods is considered briefly in the nest chapter. Tlic 
general acceptance of dia^trophic periodicity led naturally to flve conclusion 
that it vljouid be paraileled by a sedimeritary cyck. This cycle^ unlike those 
that ha\T been discussed pJCviDualyv was ctmskiered to tmiEi nff world-wide 
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divisions of geolo^c time as well as to consist of a mom or less characteristi¬ 
cally patterned succession of strata. Tl^e belief H'as beld that a gcologrc sys¬ 
tem should he bounded bvangiilaT imcooformilies recording emergence of 
the continents and mounbiin biiilding, that it slipidd e^shihit in rts earhest 
and latest parts rapidl)' erixled detriini] sediinents* and that the central put 
should record a long inUTVol of reLiti^e quiescence and stability. Some 
teiii? iri some r^ons do present this pattern. For esample^ the Mississrppian 
System of the uppei Mississippi and lower Oliio valleys oveilnps onto Orfon 
vician stnifci ^ud is in turn overlapped completely by the Pennsylvanian, Its 
Iowa part includes much dettital sediments its middle part is almost iminLcr- 
Eupted timcstcmc subdivided into very’ widely fecognized formatians^ and ib 
upper part again ih dominantly dettitaL If lliis pattern were a gcneol one it 
would be most sati^^riing. Unfortunately il is not, and neithei the .Mjssissip- 
pian ui other regions nor other sy-stems gpnerallv are comparably constituted. 

Sedimentaiy^ cycles were first visimliiced by geologists in the bller part of 
the miietecuth cenhny at a systemic scale and in much the form ji^st out¬ 
lined. The absence^ however, oE a gcuerally recuficiu pattern of I hat fype 
failed to shake widespread faith m ihc diastropkic cycle. Moiit geologists 
seemed to assume that d the piopet pattern does not occur in om region it 
will be found in another and thus satisfy lire demands of an accepted theory 
L^ter, evidence accumulated indicating what appented to be largc-^cale cry- 
clicity that did not correspond wUh tlie established syvtem^, "^rhis was ac- 
cept-ed by soine Amciicajj geologists as ptoof that the systenis were improp¬ 
erly constituted. Eumpean geologists w'ere tiiore conservative imd concerned 
themselves less with such problems. During tiie first quartci of the twentieth 



Figurt CtinF« i>dtBnde<i rtpriKfliU tfi« irarlatimn 4>f ^orid-wldife dio^ 

traphhin Unze rile beginning of Cambrian tEntt. Th« potiki rKeit atit amphcailifid h^te afirv* 
to ftpcrole ihrtit grmil cydoi which ratimible itocfl In Hia pEjttorob ai lodimontary 

depOUTion occurring in wpslvm EurrOpO ond eoufm North AntvriiCD. Compel te w^th Figure 
p, 30^9. CAfl^r ^nildflT# 1732, forih pi. oflar p. 7^, by poTTnin^on of Appleton* 
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OTibm sei'cntl Amcncans attempted to reform stnatignrplik elassificatioii in 
accordance w ith \hc diastropbic cycle as Lmderatot>d it (see Figme 
p, Tlicix proposak, ioviiTvm^ die subdlvisjoii of old syistenis and the 
creation of more ntimeroiu new cmc^ failed to obtain much tccogiiitiDii 
and tiiflst of thmi arc now forgotten. 

All oen grander n'cle Ws been imagined tliat subdivides all geologic time 
sinec the heginmitg of the Paleozoic into three paits. as shown in Figure 150. 
Tlic great orogeiiic “rcv^ointions,*^ late PTOcamhtian^ Caledon iani Appalarh' 
ian. and T-iirariiidim, which iS cotisidered to continue to the prusenL were 
used h-t bound liieiii. Each c>t:lc uas supposed to possess transgressive and 
regrosiit phases, jn the s}^tetiiic cycles, and au intervening limestone 
phase is provided U) tlie Ordoviciaut Mississippian, and Cretaceous systems, 
III esc cycles ure^ frf couise, gratU geuetalked and not s^liarply set off hum 
one another^ but there is a good possibility' that they Iiave somewhat more 
reality liian the suppcjscd systemic cycles, 
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cycliJthcmi. 

SliTOck, R. R. 1 1948 ), S^qmnet in Lnered rocks. New' Voik* MeGTswTliH. 
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useful in determining tops and bottuni!i bf l>cds. 
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ed.* London, Methnm. 
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Unconformities 


An unconformity is a stiatigiiiphic plane or ccniact thai marks an important 
intemiptioii of tSie stratigraphic record. Originally the only kind of uncon- 
foimity recognized by geologists was a contact where older layeTs are beveled 
anH oveiiain by ynunger ones that arc angnlarly diseordaiit with them. Later 
oilier evidences of (mcouformability were noted atui tins term was applied to 
stratigraphic discontinujties of other types. Elusion of preesrisling iDcks con¬ 
tributed to the develcpnicut of most unoanformJtks but it U not essentul to 
them. 

Tlie stratigraphic record missing or destroyed at ao miconformUy ttuiy vary 
from exceedingly great, being equal to nearly the entiiE span of recorded 
geologic time, to some small lower limit tliat cannot be specified exactly. 
Ordinarily, mioor or local discontinuities, altliougb plainly evident, rfr 
ceive little notice. They aie likely to he considered too utUmpoitant to be re¬ 
marked upon if they represent very niioti intervals of time, as, for example, 
the ecDsion associated wrtlt cross-biding or cut-nnd-fil] structures ui a sand¬ 
stone. 'rhcrcfcrie in its prartical application, the term uncanfftnnity is rela¬ 
tive. 'riic same suifacc of shratigraphk discontinuity which migln be recog¬ 
nized as an nneonformity' in a detailed geologic study might pass nnnotitcd 
in a leconnaisaance inv<^tigation. Brealis m the stratigraphic record of equal 
time r'alue edso may be accorded drffereiit treatment depending upon 
whether the appanmt depth oi eioston and resulting relief developed at a 
stratignphic contact is large or small. 

Hiatus 

Tire time thut is unrepresented in the stratigraphic record at an nnoon- 
fonmty is a hiatiis. As noted later, nne part of a Imtus crrrrcsponds to the 





^84 S'rRAT[ClL\PHlC PRINCIPLES AND PRACTICE 

time dining which scdmientaty deposition vai iulerrupted, and the oihn 
part is cquii'alcnt to the time value of formerly existing strata that were dc- 
stroved hy etosioiL 


IMPOilTANCE OF UNCONFORMITIES 

Most stratigmpliic sections ate inramplctc md coiL-iist of vnrcith thkt siiC’ 
cessions of tcmtiiiiioiisly deposited $ediment3 Bcparated by iiiteimptions uf 
varinljlc magnitude. Both the sedimerits and the stratigraplifc bteuks are ree 
ords of geologic cemditioos and events. One or the other type nf record jiiay 
pietlominate, hut both are ijiiporlant for the purposes of geologic interprets 
HntL 

tiaonfOf Comf^ar^d Fomi/itions 

Uuconfom’iities and formations nr other groups of ^itTatii aJteniate and 
intertoiigue. Both have areal cTttent and both represent intervals of tiiiie. 
Bnth are likely to v^ty in lime vahic from place to place. 

Like formations, uiiconbnnitic^ can be coridatuxl. Unlike formations, 
however^ Lhcii Lorrclation is dependent entirdy oji extriniic evidence be^ 
cause HD uiiconffnmily psiesses peculiar features lliat set it apart cerhiinly 
fiom all otliers. Tlie identifiatron of unconformities occuniog a I nearby lo¬ 
calities and their correbLion in more widely separated areas arc dqjcndcnt 
wholly upon the local relations existing between whatever mtk imits muy bt 
obsm^ed m contacL Tims* a particular nncanfomiity can be known by its 
lOoiuiTcnec minjediatcly beneath A certain forma Hon. rcganJlcss of what may 
underlie it, or by il:s position immediately above a certain forniatiou, re- 
gaidiess of wlial strata may njccccd it. If diUerenl formations meet at an 
unconfoTtiiity' at diFerent plac^i identity is detetmiiied if correlations of 
both underlving and overlying furinartDii.s danciiistralc that some part of 
the missmg stotjgiaphic record cortespond.^ from place to place. 

Unlike formations and nthet rock units* imconfurEnitics cannot he ai- 
ranged or cbssificd m 3 hierarcliical successiou of increasingly more impor¬ 
tant Olid iiicliLsive classes. Uudoi some circumstances, however, they can be 
gnKiped. TliUi, seAeraJ (eS5 iniportani nneonfomiitics may merge upon the 
bcndei nf some pmktcnt stmctutaHy positii-e area* us a result of the wetlgjitg 
out of intervening sljuta, tu form a single iincoufonnity of much greater 
magnitude. Rdatioas of this kind may provide iiifomiatEcni impeirtant for 
the recogniHrm of ext^tded intmab of variable sliurtirral activity in rela¬ 
tively stable or [jenfKlicalU uplifted areas and adjatent basins nf subsidence 
and sedimentary' depDsi t ion. 

Uulikc formatiotis,. unconformities arc not iiamctL although names have 
been applied to a f^w of the time mtci^-ati they' represent. Fur ineiTTiple^ that 
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part of late Precambriart and early Cambrian time that is uiirepitsciited in 
tlie ftrati^aphic record betieath ibc oldest Cambrian deposits has been 
tailed die lipaliaii intcrsal. If the term is to be accepted with its otigttial 
meaning fp- 4l}, however, tins is a misuse of il. Also an Eparchean iutenal 
lias been rccogristd as being unrepfesented at the unconformity hetw-cen 
highly mctatnotphnsed crystalline Artheati rocks and less nietaniorphusctl 
Alfjrnikian stiahi. Because of luicertainties uf correlation, there is much 
doubt that such an ijnctmformity and ib time correspond fiotti one Prccam’ 
brian rtgion to axtother, 

UyicoiiEoriiiitict! generatly arc idciitificd iti te^TTll^ tbc rcicfc luiJls or 
rcKk units which thev bring into contact. The names of both underlying and 
0 veiling units mav be used, d reference ts made to a local area, or if strati- 
graphic relatiotis iie not wideh consLmt. Thus, on the eastern tbnk of the 
0)-ark region there is a post-St. LouIs-pre-Ste Genevieve unconformity 
[ Miss-1, If overlapping omditioiis ciist. onlv llie name of the overtyrng unit 
is appmpnate because different underlying formations occur a! difiaent 
niacts For example, in Missouri and Tlliiioh there is a preGnissy Creek un- 
confrmnitv wbicb brings a black shale (Miss or ncr, i min ermtact with a 
variety nf formal ions raiiging in age ftoui midDesonian to niid-Onios'icuiii. 
If thtW lelations arc reveiserl. onlv Hie nfraie of the underlying nnil w ap- 
prnpriotc because of the occiirrente of different ovcrHmg fomiatmiLS, The 

latter situation, however, is far less common. 

Some of the greater at more important nncoiiftirmihes are idenufied m 
tenm of larger stratigraphic unite. In the »p^ Mississippi and lowtj Ohio 
valleys the preClitaiterian unermfonnite (Miss.I bnnes uiie or more l.ow'tr 
Cheiterkn foniratioiis into contact with one or mare older fnniiatiDns. Also, 
ill llliniris the prcTeiinsvlvaniBii unrtnifonnitv merbps from strata of late 
Mrsrissippian to miil-Ordowiewn age. tii the southern part of the state rliis 
might be termed the posl-.Mississippiim and in the northern part the |5ost- 
OrdrivK-um nnrnnfonmly, or in ettliet area a combination of names could 
be employed. Because of the differing relations, the first term, pre Penn- 
svKanian unconformity, is preferable. T1 iilcnc is applicable everywhere. 
Generally identification m terms of an overlying stiaiigraphie unit icn-cs 
more accurately to lot-Jle un< oiiformities in terms of geologic time. 

^olc slifiuld bcmatle that use of a name, like 1 crwisilvaiiijiii, implies the 
limt-njcl: unit tvriem and not the fiiue unit period- Tlicrc can be, of course, 
no such thing as a hhitu-s between Hit Mississippian and Pennsylvanian pe¬ 
riods bemuse tbere ate no hnaks in getilogic time. Tlic prcfi.v sub, indicat¬ 
ing prsitirm in space, is preferable and mure esiict m ccimbimtiou with 
such a name as Pennsvivanian titan pre-, which suggests poftilioit with respect 
to time, its use, however, lifl-s not bCTit couniion, and u cmrcspoiiding prefix 
sueh as Jirpci'- or cpi- in.stead of post- has been employ'cd even less com¬ 
monly- 
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UncQnfoTTTiittes ill SiToti^aphic Chssifiaition 

CcssaiiUTi uf sttlimentatiuB in ^ depositional for an appreciable Hmc 
is it nutmorthY change. If emsian also ocoiirs, a cosupldc reversal of gcnlugic 
processes is OridciiL Angiilar uncatifoitnitics indicate not oniy eiosion but 
also a praroQS qiisodc of structuraJ dishirbancc and arc paTticularly obvious 
and significant, Tlie folded or otlicns^isc deranged strata beneath many an^ 
gular uiicorilormitics record disstrophisui that may have reached tnountaiti- 
fomiiiig pfciportions. 

Angular unconformities were noted and interpreted ccrrcctly very early in 
the dcvciupmcnt uf modem geologic science, Otficr less obvious unconform- 
ititt were discovered ouJy after palcontolog) or detailed rcgioiial studies 
demonstrated the absence of iniptjitunt parts of the stradgraphic section - 
As differentiatjon and classification of rock units gradually progressed, tm- 
coiifomiities comnionly were utiUzed rvhenever they were recognb:efi as the 
most logical and praebciS stru tigniphicboundaties. 

AlteruaLioii of imperfant parts of the stmtigrapluc MXition, such as geo¬ 
logic systems* and cnnspiconws LmconfomullQ^ some of which record erpf- 
sod» of inoimtain building, suggest a definite periodicity in diQsirophiEi- ac¬ 
tivity. Three cpifiddc^ nf dio^trophism in western Eurojx: raised great moon^ 
tain chaiLis. These djj^tuibancts became know^nas tl \ the Caledouian revo¬ 
lution, at the «icl of the Siliirian Period ! not evident in the Uniled States 
the Metcyiiiaii revcltition, at the end of tlie PetmLn Period i App^ilach- 
jariirr.olutjt>n in North America), and (3) the Alpine icvoluliDii, at the end 
Ilf the Creta^ccouji Period {Laiamidian levoJulion m Niirth Amenca) The 
last tW3 were Lrgel v instTumcntal in establish iitg the recugnition of the post- 
ProtCTO^.oic gcfil ogic , 

The idei of diasrinphic periodicity has proved attractive to many geolo¬ 
gists because (1 1 it accords with thoroughly ingrained eirly geologic mter- 
pietaticns which accepted catastrophism as a normal part of geologic dcvel- 
opnicnt, and (21 it appears tii fumisb a mtional haiis for the ^tibdivision of 
past time into geologic periods. Tlic Ijclief formerly was almosi uiijvccsai that 
geologic history recurlis a suceesstnn of rckriv^ly long world-wide periods of 
guiesCCTuc, dunicttnzcd by slow gentle epirc^eiuc mnvtmcnis, sq 3 a rated 
by brief qpisodt^s nf wpid and extreme orogenk disturbances acting sjnchro- 
nonsly in restricted, widely separated parts of tire w-orld. Less thau fiftv 
years 3go the dixjtrine was generally accepted that such penodic diasi ropliLsm 
provides the only proper and practical basis for Lire natural divisicu of geo¬ 
logic lime into its larger i in its of war Id-wide applicability. With Ibis viciv 
firmly eshjbli$licd, geologists sought to coiuplete a siicccv^ioii of *het*nlu- 
tirnis” or more nrotjL:Tate "disturbances" to let off all gcolngic systems from 
each oLbtr. Evmtindly al! dcdrrd “disturbanm'' were discovered* each erf 
which b et hkiiccd by an angular imtoiifoTmity noted in one or more areas. 
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In Atnaica liicy have become known by the names shcmTi in Table 11 or 
other comparable ones. 


TASJ_t 11 . Nama of Moixnt^'Foriiiirijg 
Moverorntfi SalJpOtetfly Separating the 
Geologic STitemv m Ifirnrifted in Movt 
Amtritan THr)Clboc>l£¥ 


Post-TcrtiaiT^-fKJ^dJtKsiWt CAxmlim 
Po«i'Gret*ccina-pf<r-Tci1iia^ Laiomidum 

PiMtJiiraHME^-prft-CriiarmLlj, 

Port-PllTmijiii-pilc-lViBMic:, Appiit»dU^ 
Po*t'lN=rimylva4nw-pTc-FVrtW 
Pofit-M tiai 3 sippiaii-pre- PennsyLvaniiiil^ Ckf4ffiilaiM 
Pwi-PrrwiniLjn^pnrc- M bmuppiatl, +4rfl^£aB 
Po*t-SiJiirian-pi^-DmjtiiM. (Europe) 

[\HJ-Ordj 0 Vl^iM-pre- 5 iliiriaii_ TonTToasi; 
Pc^I-Clanihriaii-pcoOniDvltianv J^-mwioiuiOTT 
P«i-Pratci^rolc»pT^-Caililffiaa^ 


All dia^trophic eplwidcs in ttiL" liiston' of ihe ^rrti except the v^ry recent 
ones are tnown only from eitlicr (1 j tlic stKitigrapliic rclalions ofeerved st 
unconformities oi fZ) tht s^tiimpiiSt dtrrived trem ^ncirat, newly uplift^ 
^reas. that were deposited and are still present in situations where thej are- 
now available for observ'ation. Erosion that resulted iti impentant uncoil - 
formities and dqsositian of the sediments so produced coiUd not have oe- 
cuned simultaneously in tlie same areas, but both etioallj the products 
of the same diustiiaphic inovancuts, AliTiougfa sectireents recording dia 
stmpliic episodes probabU are miieh more octensivcly preserv'ed iJian are the 
corresponding erosion sui±ices. tmconfortfiitief lia^t been more commonly 
sought and accepted as evidence of orogcnic activity* 

PcTiotffc Dia^tropbisnt Qut*$fioned 

Most gadogy testbooks liave picscnted some snnple sequence of intersys- 
temic orogenies of v'stiable intensity fsce Figure 1 ?!). Howev^p the foregen 
ing tabulation is deceptive because [1) it emphasr^es certain diastropbie epi¬ 
sodes and ignores others* (2] it g^ves a fake imptessioxi of the definite place¬ 
ment of these episodes in g^Iogic fini^ and (11 it stiggiats that these ept 
sodes arc all more or less equally impoifanh 

As new and more dctaded infommtion hiis accumulated, the realiaafinn 
has grown that geologic time has not been so clearly punctuated b)' a few 
outstanding but rcbtivcty bne£ epi5i>Hcs of disturbance separating the reeog- 
nized geologic sysleini. Several of the orogenies listed in Table il are not 
known outside of very JocaI iSicas- Many of these probably are no more un- 
portanl than others which have not been dignified with names because they 
do not coincide with geologic boundaries previously cunsidered to be imper- 
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fcitit, Fpt example, at Ie:ist two disturbances of considmble ma^nitnde ot- 
CiirtEd duTTfig Crttaceaus time iti llie Rockv' Movmtain region, Ftijlberaiore, 
[I lias becimic incteasinglv dear ilia I ilie cFmgcnies of Lbe coDventioual series 
ucitlier are^ as accunifeely dated nor weit of as brief drrratioii was formerly 
believed. 'The mem: spectacular "resiplutioiis'* paiJicularly liase been fonnd 



IS!- niuiti^MEi cf cOEnmofi and convenianl COflCApl prfii4nlAd tn rmany 
lAJcSbDOkl of llie fw0 ihnl ars^ifttflk Cphod*i ore morkeri sepdrertinB Hie gsokgiE poriodl, 
iModrfrtrd by permiliion ffom tnfrodu^Hufi io liifforical g&aiaqf by Apyrnond C lit 

td-p P- 32^ fig. 2d, Copyr^Q^rt. 1949. M^Gfoiw-HiM &ooi Co.J 


fn comist of several related episodes spaced at intCTvi^b through a total time 
span more than «iiial to some geologic periods. 

Tile hvpothesis of periodic world mde diastrophism has been cjueittcmcd 
with increasing fnrtjiicncs since tiic early l*JZ0'd. Some geologists wim ad* 
hered to this hypothesis attempted to w^ork out n sequence in grEfltCT and 
more acceptable detail by ccirrelatiug orogenie movcmcnti tbrougluiut flic 
world. About forty arc suppfiscd to liia¥e been distinguished [see l ignre % 
p. H L Each has been thought to represent about yc:irs imd all 

iheui thus woiJd account tfir nnli 2Vi percent of post ProEcrozeuc time, llie 
uitervcning comparjtivdy quieseeul periods thus were believed to be abtmt 
forty tinier as long, averaging ahmjt 12 nidlioii yean each in duration, Other 
geologists approached the pnihlem hi a different way They attempted todis^ 
tingiihh and conelate the strati of succesiive cycles consisting of tmiUigfeS' 
sivc and rtgiosne halves that were believ ed to mark world wide movetiienls 
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of the epiccintifn£iit£il seat. "The PjlctiiSQic alone hat been considered to con* 
sist of twelve Or mote such sj'stcnis presumably separated froiti each other by 
diastropliic episodes ) see Figure 152 j. 

ficlict in world-wide " revoluiioiiB and supposedly lelativclj brief penodic 
■‘disturbances" is now regarded by many geologists as a relic of early id^ 
that necessitated calling upon catastrophes to account for all nia|or dki' 
strophic activity. Thsc gctilugists have been influenced by inertawng doubts 
to rciect this hypithesis. They do not deny that diastiophi!: activity lias var¬ 
ied from time to inne over the earth as a whole or that it has been niotc or 
lest iircgnlarlv perindie within restricted regions. They iccogiiiac, however^ 
tiD cunvJndng evidence m Eavor of distinct world wide petioditily, and tliey 
suggest that dtasriaphLsm of oiogenic pmpoitions probably w as m progress 
somcwbcie at all times, (see Figure ISs). 



Flg«™ Tia Sd.uctT*ri-t Aagram tit diaimiphic ™d dJ*li,rbQnc-i HSparflUng 

geologic «rr»d.. Hli mdlootion to «jbdivlde suth itandofd period, ot iJie Conibnon and 
Ordovician iofluoned by vlowi of L O. Ulrich. LolOt ho r.vncd til* op.n.oni <n>d 
reveitod to q mor* conv-titional viewpoini, Thm b»er cutv* d«iwt lh« pretumod lelohva 

iotoniiiy cf rvcontain-totming moveniciitv Th* ^ppe- on- kndiwle^fh* p™- 

potiions of North Aioetico wbmotgod b, thollo^ «a* dieting the of «lot,ve 

rtobllity. iAftor Schi.cb.rt, 1915, A tiio^book c# gsoicflu. by Pir.»n ond &bw^.tt. ttf «i, 
vol 3 o, 9B0 ng 530. by pototisuon of Jab" WK.y ond Sent, and !9ia. Fh* «ofirtio« 
of rh.'«rth ond Jfi irihobitoriti, p. 53, fig, 3, br r»t«i«ion of Yoio Uolvanily Proiv 



Rgure 153 Umhgeovo * dit^srom iliowlng the voriofat. IniMtity of dioifrtpbivn dur¬ 
ing port^rolotoioic hm*. Iho tiotJMnh.1 «ol« 0^ 'b" diogrom hot boon odiuiUd >0 that 
It corinpandt *ltb Sckochort'i diogram (fl Fie-r. 153 ond dit«t comporii™ con b* 
aoda. Tbk ln»«Tprelalioo givm mdiMtion of dhtinct parfodidty at th- gonerol oc- 
curntneo of mdlot dioitrophie mov.n«nh Ot the tflv|tion$ bmimmmn rfl* tAdoplnd 

from Umbgrave, IW7, Tfro put. of the .Oftl!, tabl. 2. by parmbsiort of Wortinui NifhoffJ 
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Rcjcctiou of the hv’potlicstis of diastinphfc penodlcity does not diminisli 
the significance of imcoTironTutiG in restricted n^nns. There they funush 
evidence of the complete intcrrnption and re\'cisal of prevail mg geologic 
ptocesses and conditions. Commonly they lecoid the temporary withdmnal 
of epicontineota] seas, niw constitute the best and most unequivocal stiati- 
graphic boundaries. Unconformities genenkUy are considered so important 
that most of them are almost automatically recognized at stratigiapfik 
boundaries. Few formations arc considered to be properly constituted if they 
aie known to include unconformities that art conspicuous, extensive; or rep 
rcsentative of more than nnnoi iutemiptions in sodiutmtary deposition. 

Unconfomiities are the boundaries of most of the larger timc-roek units in 
their type areas. lu the past, geologists liave shown strong preference for ou- 
couformilics as markers of the same or compamhk bomi^nes in otho' rC' 
gions (see Figure 166, p. 442). In this they have Irecn tiiStieiiced by a cmii' 
mcfti desire for uniformity and order and by the general belief in diastiophlc 
pertodreity. llius, iraconformihcs m widely separated areas have been cou- 
sjdered equivalent if they occur at approximately similar positions fn the 
atratigiaphie section and if paleontology does not dearly indicate their dif¬ 
ference. Many correlatioiis of thit kind am now lecognized to be more or less 
uncertain. 


CLASSIFICATION 

Several attempts have been made to classify unnmformitie; on a genetic 
UE dynamic basis, and various names have been pioprsed to distinguish dif¬ 
ferent types. lliGsc efforts liave not produced a classification that is entirely 
pnictica! and thevliavc resulted in confusion of noiiieiicliiLute- 

No sharp distinction can he made between diBereut types of shatigraphic 
discontimtiUcs. In a general and relative way, bow^ever, the following lub- 
(livision can be suggested: 

A, Relatively iniportznt statignphic drscontinnitiei 

1. Not piodiKcd by erniinn 

2. Produced in part by crotion 

a. Adjacent itrata parallel 

b. Adjarent stcata not paraUd 

B ReLativcly uiiinipciftaiit slTatjgraphic discuntmuitics 

Uncon/ormity 

A gcnenll terni is needed for all important stratigraphic discoutumities 
and urrcDn/ormitv has been so commonly used m this way that its pirqiosed 
restriction to those exhibiting angular discordance scons imdesiiahk. 

The entirely relative distinctLon bctw^ccn important and □nimportaat ciiv 
coiitiiiuities has been noted. No sharp demaEcation can be made with re- 



UNCONFORMITIES 


Wi 

spect to cither time or physics! rcUtions. Importance can he judged and 
evaluated only in reference to the prtietilai conditions esisting in an aiea 
and the ohjectiva that Iiave gavenied its int'CStigabon- 

F.roswm is evident at many unconforaiities, ajid the common definition of 
an iinccinformity includes a statement that erosion resulLing from emcig^ce 
contiihuted to its dcidopment. Some important stratigtaphiL' discontinui¬ 
ties, however, present no conciusm csidcuce of erosicin even though they 
niav be behev^ to leprcscnt eiosional intersnis because strata presutned to 
have been present fotineriv arc now missing. Also, the differentiation of sub- 
msnnc and emergent erosion mav not be possible. Cjoinnion iiTiccrlainty as 
to wlietlrer, to what ertent. and bow eiusian actually was accomplished it 
such tliii! it does not sccm desirable to include a staleiuent in the dcGiutioa 
that cm ctg c n eo and emsion are uecesaaty to produce an, imcanformity, 

Diisconformffy 

Discoir/ormrity is 3 term originally proposed to designate an unroiifomt- 
ih’, in tire broad sense, wbich s^rates strata whose [icds are parallel (see 
Figure 154'). Some geologists would restnct it to an fncgulaf plane of un- 



DISCONFOPMITV angular UNCONFORMtTY 

Fioute 154 , W<»ck dioanirm HluUraUfvg itie dilf»ren<« t|t dTwlurol rvifliloo* occur. 
rma af <Ji»eOiiformfti« ond angular upuSOrTforEnltfM. Ut* ocfual lurfncn oF uncorFFotihily 
wor b« plona e# highly Ufeguinr in aiihnr »». 


conformity that provides clear es-jdence of erosion. Such restriction does not 
appear to be d&irablc because the character of any tmeonfonnity ntay he esc- 
pected to vary considentbly svilhin short distances, 

.Angicldr Unconformity 

Tlic proposal has been made to rcstticl the use of mimn/ormity to stnili- 
graphic discontinuities that bring together angulurls discordant strata. Bc- 
caiiite rtstriction of a term that has long been employed tnosdy is confusing 
and became an inclusive name is useful, this proposal bos not gamed general 
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accfptaiice. liiskcad rnJncopiforTni!y hns btcn ^yig^cstcd as liie designation 
for aii angular tinconformih'. Tliis term, ini^vt'ver^ is uiiisecessar)' because 
the descriptive expression iiriguLur uTicoofo/mrfy* ujtose meaniog is immis^ 
taxable, is as-ailable and has been much used. 

The contact between stiatified rocks, and tmdcrljing igneous rocks, or not 
clearly stiatified nietamorphicSp likemse has been called a nonconformity 
and somL gctsingj^ts lia^c desired to lestricr the temi to contacts of this kind. 
Such cimtacts i::5iniiot be misinterpreted and thej^ are not exactly comparable 
to contacts within a itratigraphic sequence. 

Diissteni 

llje term diastem was introduced for a none^ident disconLuiuity between 
paniltel marine strata. Origiiialiy tt carried tlie hlca of iiitcrTiJptcd deposition 
not accompaiHcd by erosion and not resiilLuig from emergence. Because evi' 
dcncc of minoi: erosion or llic lack of it generally is very obscure atkd because 
a similar Ltmccpl is rueful in connectiorr with non-mariTJC strata, this defini' 
tion haslKxn broarieued- 

.Miiioror local stratigraphic discontinuities are likely to escape notice even 
though evidence of their existence might be reengnked by careful ohsers'a- 
tion. 'liter e fore, no sharp distmetiou can be made he tween diastenis and 
disconformities. Tliu^^ any minor strarigraphic discontinuitj iroK considered 
important enough to be an unconformity may be termed a tliastCTTir 


Structural Classiricatton 

A clLtssificatiojs of imcniifarmitiei b.iscd on emstoii and emergence is tiot 
practical. IT it tni^st obvious and significant diffetencts ate stmctxiriiL Two 
ri'pcs of structiiia! differences can be recognized; (1 j iLLEcrcnccs m the top^ 
ogiaphic relief exhibited b^' planes of unconfornhty arid (2) difierences in 
the angular concordance or discordance of strata at these planes BoUi Lvpes 
show eitteme gradations and both may characteriiC a ringlc nncoiifomiity. 
Topography vaiiei progressivdy from a couditiou of pradically perfect flat¬ 
ness tcj great irregubrity and liigb idid. tndiiuiLion of stmts, varies from pci- 
feet paralldisin to great and rapidly changing degices of angnlar discordatiee. 
llic infliiEmtc of erosion [n the development of unLoufonnitks becomes m- 
crcasingiy more obvious, but not necessarily mote iiiipoitfint, as relations de¬ 
viate from fbtness of surface and paraltehsui of strata, 

Angubt discordance at an micotifomiable surface Ls parj-icukriy significant 
because it is evidence of diasttophic disturbance preceding ^ir accotnpuniing 
erovion. Tlie angular leLitiotit of it rata at tnicotifomiitics serve to identify 
and dii^rimtiute between regions of different tedouie cltanictets^ such as 
tfic reiitiscly stable toiitiiicutal pktfomis on tlie one hand and portiGns of 
the rcbtrvdy unstable mobile denies flia! were defuTTuedp uplifted, and sub- 
jected to ses'ere erosion on the ottiei. Ibe followiug classification reflects 


UNCONFORMTnES 


tbesc difTcncnurs. It in simple., nit3Ti!ngful+ on wbalJy objective criteria* 
and not subject to luJsinteipret^tion. 

Unconformity—important stratigmphic diicontiiiiiity 
nisajnformity-Hacijacent s^tata paiBlkl 
Angular unconfonnity—adjacent strata angularly discordant 
Disconfurmitjes are clujnicteriatic of stable platform areas. Most of them 
were rebtefl la tlie ebb and flaw of slrallow epicontinental seas. Few exhibit 
absolute toncordance of adjacent strata, hut angular discordances related to 
gentle and slow wwrpiug are gtriierally so iligbl that tbo- ate not discernible 
except by tracing for long distances. Discouformities may grade latcrnlly into 
angular unconformities m the direction of rbmg mobile zons or pass into 
diastems and disappear in the unintcmipled sednnents of subsiding deposi- 
tional basins. 

jVngular unconformities occm upon the flanks of mobile zones and scr^'e 
to outtiiLe them. Afr ibey approach the centeri or axes of diastrophic activity, 
tliey arc likely to reCQfd longer episodes of more active aosiou, and theh ac¬ 
curate dating in term^ of geologic time iinitii betotuES less certain. They 
merge witli other imconformities wbtre inlervcriing slniLi tliui and disap¬ 
pear. At last thev arc tost jn a great void of \hc sttati^phic reemd ctme- 
spoudiiig lo the sum of all phj^iogmphic transformfllions of the uplifEcd 
area. 


Environmental Clossificotron 

A dassificalion of unconformities hosed on iJie interplay i>f cnviTonnicnts 
]s not useful in de\'c!opjng a sj^cin of terminologv' but it is important in di¬ 
recting attention to cbatacteristics tlmt may be signiBean! in geologic inttr- 
pTetatiou, A iiiore detailed and complex classificatiofi conld be constmeted 
blit the following is aJetiuate for all ordmurv purpjoses: 

A. Radical cliangc ni Enviummcnt 

L Marine regression and tmnsgressian 
2. Marme regression 

1. Mannc tninsgrcssian 

B. No radical change m cnviroTiincnt 
L Submarine 

2 . Tcttcs trial 

Uncniifonnities uf Oieic vunoiis h pes share common chaiacferistics and 
ire mil separable wjtli cutrie oi erjual certainty. Many of the features that 
iitav sctvc to drstingiiish thimi lue miitlcis of dcgice latlier tlinu absolute dif¬ 
ferences, 

pMumie Regrci^sioij and T ranagrtJisfon 

Marine beds constitute much the greater part of the preserved stratigmphic 
record. The most commonly recognized type of nneon fonnity rented from 
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the more or Iqs tempamt}' wifhtlfawal of thf slulJow cpioontmental s«s. 
The gencrdly low fe;jh.irdes3 topography of those parts of the cDatineobl 
pbiiottns that -weie srtbjed to repeat^ marine submergence parmitted the 
strand line to shift widely tti response to comparatively rtiinot fluctnatioiis of 
reiativ'c sea le^-eL Such mmements have produced dbeonformities ol mde 
ertdit at many positiom Within the stnillgrapluc section. Because erosiori 
appeani to have beeji slight many discoiifomiitics are revealed more surely 
by paicontolygic and Kthologic e^^idenet than by the local phjricnl features 
of a utrarigniphk contacL ‘Fhe arnotmt of erosion wa:^ contrafied in part by 
the local vertical measure of rdahve seadev^J flnetuatton and by the lettgfb 
of tune of exposure to siibaerial agencies. Both of these factors were related 
to and varied ttith local structuml warping. Consequently the nature and dis¬ 
tinctness of a single unconformit)’ may V 2 jy oonsidcnably from place to 
place. 

As ddnmicd mobile zones or rniportqnlJy uplifted areas are approached, 
the number of discoDfbrmities at first is lilccly to incre^e. Tlicn as interven¬ 
ing strata wedge out and disappaiT, a progressively less complete strati¬ 
graphic section is intetrupted bj' fewtrand more prominent disa3ntjmiities 
that are likely to become angular untcmformitijes. 

iMtfrin^ Begressiort 

Non-marine 5;tTata may Kitccccd marine without noteworthy intcmiptiou 
as m a growing delta adiacent to a relatively stable coastlroe. Tu other situa^ 
tions a moie or loss impf^rtant diseontiiiuity commonly separates these types 
of strata. Unconformities occunnig at such positions are likely to be well 
marked. Relations may vary ftoit] dbcoiifomiablc to angubr and generally 
they are timtkr to those elmacteridng rcgrcashc-ttaiisgressiiv'e unconfoimb 
ties. 

MiiriTic Trmsgression 

The tmnsgiessiori of marine strata oier non-Qiarint may occur at an ob¬ 
vious dneonfoftpity prtxiuccd by the erosive action of wave^ tidet, and cor 
rents in a littoral that shifted prograsiv'ch mla4id. Uticunfonidtics of 
this kind may Be limtlar to those previously discusied. Commtmly. howoct^ 
local sedimentary material was nrwenked atul^ if a low coastnl pbtn lias been 
submerged, the discontinuity may not be di^cetnibk. 

SubmnTTii? 

Unamformitics may be produced h\ the erosive action ot wuvs and cur¬ 
rents in v'ery shallow^ tt^ler wdtbout emergence, -\ii miconfumtitv also mav 
tHuU from by-passing or lack of sedimentary' dcprrtition for an apjm^iabk 
time. Submarine unconforiuitjes arc Itkdy to develop only in rdntivdy re^ 
stricted areas qt in comparatively narrow^ Clones b^au&t eurrenh strong 


UXCONFORMriTES 

enough to icmove sediments or to pft?.'Cfit their dcpositioti generally are Id- 
ealizccL Conditions suitable lor the pioduetion of such an luicxmluniitt^’ may 
occur adjacent to a coast 01 at some other place where currcnb of oceanic ciiv 
culation or those generated by ilic tides are caaiitrictEd and consequentiv ac- 
ffileratcd. Tides and emrents, however, probably were not important in most 
inland seas of past ages, just as the}- are not important now in the Batfic and 
Mediterranean. Wave-cut lioconformities adjacent to coasts probably would 
be marked by pebbles or cobbles of local derivation, if Lbc bottom consisted 
of consolidated rock, lliesc might be preserved as a basai conglomerate in 
succeed iTig sediments, 

SubiMriue untDiiiormiticv arc Iltely io pjis into dinsteinsi «r be lost in iin^ 
ititermipted sedimctits. If they wcie produced adjacent to a coost they mav 
be contiimrjwsi ^ith more important udconfcrrmities ichted to terrestrial ct- 
po^Lirt and eiosfon. Differendatioii of submarine aiidl tcgressive-tramgieS" 
Sive unconfomiities is litdy to be difficult and uncertain Tlie otcmraicc of 
-stotigraphic disconUiiuitici repTCSCTitiiig kck of dcposEtioii for considerable 
inEen.'als of time asid throughout v^ide areas generally is qucstiniiobk but 
may be h)dicatcd by the presence of glauconite ^nd phospliatic nodules. 

TcrrffiitrKiir 

TTic land is a realm of doiiiiiiaut erosion^ and aedinieukir deposition 
above seg levej generally is teiiipomn^ and local. Important sediiitcijl^Ty ac> 
cum ub bon has oocurted. liou-ei cr, in special situations* as in enclosed ba¬ 
sins* ill arca^ of low surfecc gradient acljacent to higldarid^ betiig actively 
eroded, and upon expanding deltas and growing ccmtal plains. Mr^t 
po.sttA of this type are destroyed eventually but in especially favomhie sit- 
uatinns some have been preimed for long petii>ds of time, Oppoitu pities 
for destruction mcreasc with psdng time, and in a gencial wav Icrr^tnaT de^ 
poSits appear to be progrcssivdy Jess and less wefi repre^ent^ m the older 
rocks. 

Both wind and glaciers accomplish erosion on the land and may contrib¬ 
ute iinpdrkntly in [he development of unconformitia. Some terrestrial de¬ 
posits resulted fremr wind and cladal acrion mid olhm ^eunmbted in bkes 
w heieccxnditifim nrscmhlc llwc prevailing in tlie sea. Most temtstrial strata, 
limvrter, were closely reJated In flowing w^feet. Deposition caused by 
slackening of currents. 

Flowing water on the bud varies fFOm year to year, w itlj the seasons, smd 
in shorter and more iiregukr <ydcs produced by storms. In regions of deposi¬ 
tion, stream ctinenb vary and change course repeatedly bccattse sauie ffreas 
are aggnrdcd slightly and strtamv arc diverted to lower IcveH, This irrcgidar- 
ity and Tqscaied change is reflected in the sedimcntari' deposits, which com- 
mortly are marked by aeemingh' erratic vTUiafimts. and gradatSon, both later- 
ally and vertically, in eoancncss, compositioti* and other characters Planes 
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Tccording local and hricf emdon are common but of little sigiiiGc^nce. Im- 
poitant stratigTitphic diBconbnuihcs, if they occur* are likely to 1)C difScuit to 
identify. At some times and m some areas, liou evct, more conspicuous ero- 
siun may have occuFred and produced Jeep cliiumcling. NcsTitheless most 
sedimenton breaks worthy oF lidtig cfiusidcrtd miraifomiities are oiily lo¬ 
cally rccogiiiiablc Of are very unequally dcs'cluped from place to yhve. 


Composite Unconformities 

Much thicker stratigraphic sections occur on some parts of the continents 
than on [jtlicis, Thc traemg and correlation of famiation^ between such 
areas generally show that the ihict sections idtntifj’ dcposiiiojuai 
which subsided slowly but somewlLar mcgiilarh for lojig periods of rrmc, 
71 jc thumer sections occur in arc44t w^hich sank much less or wt;nr ajtcmatcly 
depressed and debated w ith respect to sea Iej% el. The diffeieuecs m thickness 
of strata arc atcountcrl for in part by thuimng of ludividual stratigraphic 
units such as formation Si from thc hasms toward the positive areas, bul, more 
impiTtrintty. the stmtigrapliir record presei^ ed iu the basins h likdv t<j be 
more complotc. Thus dq^cisitinn in thc basins probably was mare rapid and 
WBS interniptied less often and for shorter iivtenals of time. Tlie intermp 
bans are markeri by tiiicoufarmirica or occimat dListenis, 

Some iincfmformiHei may extend througliDut basin and recfud com¬ 
plete withdrawal of thc epicontinental .sea. C>ther flnctuatjoiis of the strand 
line were not so groit. They serv ed to luEermpt thc stratigttt|iliic record onlv 
outside of the central basin and toward the iluiiks of adjacent positive aieas 
that stood s<»incwliat higher topographically, Outw’anl frtuu the cenlcr of a 
basin tin: nttnibcrof unconfxjTmities can be expected to increase as new ones 
appear at rieiv po^iticm:&H 

Commimly name uf iht shrattgraphk units presait on the flanks of po^itAx 
areas wedge out. Tilth edga are oi'erkppcd by otber^ more e^rtcusiS'C 
units. RebHom of thh kind arc likely to s or> fiuin place to pbec and may be 
quite complex, ff a unit is hcnindcd above and hcbvv tiy micoiifoimitics^ 
these approaefi each other as thc unit tJiiiis; atid merge along a line hIictc 
the unit ivcdgc-is out Tlie disappearaiice of scvtol uriiti in this way may re¬ 
mit in the nicigmg of a number of niicon fortuities. 

A crjmptmLi^ tfmjfinfmmUy pnxiiiced by such mciging differs in no cssen 
till from any of the less important luicoiiforiuitic^ with which it is fatcniHv 
cojifinuou^ rceepi that it is a greater discotitmniiy in the stratigraphic rec¬ 
ord Thc hhlOTical implications of a coniposdt nnconformitv. however, are 
much different. It represents not cine mterruption of sedimentary depositicFn 
and one cptsode of pCKS^iblc erosion bul scleral. No feature of a cuiupositc 
iinconffimiit\, liEKvevcr> indicates the ±jumber or relative kuptutance of these 
inteirypUoiis iind episodes. Tlie recagniifou of a compcsitur unronfoTmity 


UNCONTORMrnES 

and its inteipretation in terms of neoJogic liistoiy arc wholly dcpirndent 
upon dcdiictions made from evidence obtained at other place where the 
stratigraphic recoid is more coiiiplctc. 

Set^cnil good esiunplcs of fOnrpasite tinconfonnities octui on the Hants of 
the Ozark region. Throughout tire entire PaJctjzoic Era, this was a compara¬ 
tively stable or at tinics mildly positive stmctuial dcnieiit of the contincntil 
plntform snrmiinclctl by subsidiiiig basins -wlicn; greater dnetn esses of sedi¬ 
ment acicumuLrtctL The stratigraphic section is most complete and has been 
studied most carefully on the eastern flank fsec Figure 1551* A large iiumbo 
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BaUf* 1S5. Mhich-generolis^d ifrDtrfr-flpttiC nr%d ifrutrlurnl necriwi in loarKweafem !Mi- 
noh ihdwln^ hedi rtjEfig cn fhir fftjnk of Nia OEmk Jogicn, Two pOiTEcolorty Irnpoftartt 
litlCDnfDnniri&f ore OH catr^poiifd unconformitiet whero tbftf ourcrop 

Coti», a$ itrorp 0/0 fva^^d OOatward into the irllnohi baun, formoriofli Qiid even whola 
43F^mi I hot or¥ tKomhAtveA veparofed hf Imi imporlDi^t timcartfarmllitfi oppear oi wodgei 
and khicken fo p CPnrplela itra^^ophic: $«clion^ ^AUm Woilerp Gw^ 

fogfe mep cf fflinoits 111. Gap] Surv.^ crOaa »itian 

af anconfuTinities Im beeo ic!poit«l there. All of are clas^d js discoa- 
formih'es berjuje angular discordance is not apparent at the outcznips, Two 
nf the iinconfonoities are particularly 3 igi^i£caa| l^ecansc they mark planes 
af couspicuous ovedap and record tniportanf rcadjustinents iii the stractural 
relations of the Ozatk dome and tlic lltinojs basin. One bcloiv Lhe PentisyU 
vaiiiai] S>'^tenj exits across most of the Upper Missjssippisn Series m wliich 
seven ratliai niinoi imcotifuimitiei occur. Wliete this nuccinfomiits' out- 
dOp^ ll> nullioa or more years are mueprecited in the slrarigraphie record. 
The one below the Midiile Misszssippian was piotlnceil hy the merrging of 
ait cc{ual ntiinbcT of mote importaiit unmaromiitjes, one of whicb+ in the 
midst of the Devonianp alone represents ns miTch time as the sub-Pennsyiva- 
nian unconfonuily. Altogether this great suthMississippian uiicoiiformiti^ 
represents more than lOO million unrecorded years. A tore than lOOO ftx't of 
strata tno^Ti in nearby iireas aie missing at each of these compryiite uucon- 
ftjmiirics- On the Ozark plateau isolated remnants of Pennsylvanian and 
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Mississippikn stota oveilic still oliler famutions and tlic locally missing 
ord corresponds to at least 150 and IZO million yens icspectivdy. In neither 
case is this gap in the record related to only one inteiva:! of nondepositiDii 
and erosion. 


EVIDENCE OF UNCONFORMITY 

Lfnconfomiities vary greatly in their distinctness and the cetainty of that 
recognitiem. RcUiibility in the Tdcatifitatinn of nnconfomubte relations in 
gcncml increases in pioportion to f I) time interval or (2) thickness of beds 
missing from the stiatigrjphic record, and (5j strachiral disconlant^ 
(■f) topographic relief, or (5) mdence of wcithcring at the luiconformabic 
surface. As these moiures suggest, different types of ei'idcnce are s'unously 
sen-iceahleand in dauhtfnl cases no one type uf evitkoce may he conclusive. 
The kinds of evidence important iu the recognition of unconfartnitics aie 
listed in Table 12. 

Taixx 12. Types of Eviilccfie 
ImportHJit in iht RecogrutSon 

of tJESC iicJw riiiijMx 


A. Evldcno? imrccwdni intcrVIlt 

1. in pjklcfKtokiglc accord 

2 . Gap is nraligraphii: n-cOid 

B. EvUiepeC: nf armim 

L StrLt£l-ur3ll diJCsMiinscc 

2. TfppogT^phic tnxgulHrilf 
Q, Fvf ali-tMT of flM IdLttil iiuiut 

2. OhX HSil TOTE 

3i. ^ iHr-jlsi^a-tirwn 

4. EdLtiticBi 

Basal oxO^kimcraic 


Vnrecord^ Inferv^if 

Positive evidtuM of unctmfonnity Is proviiledi b)- the occurteiicc of fossils 
of different ages on the two sides of a plane of stcati^phic contact. The 
distinction in age must be defnite; and a lower limit to the reliability of 
palcontologic evidence ts set by the rate of csolutionaiy progresif. Many dif¬ 
ferences in the faunas and Boras which characterize parts of typical strati' 
graphic sections or other well known sequences reflect i'anadons in ecologk 
conditions or possibly changes in Ihe geographic rektions of land and sa 
rather than differoicra in age. In many regions the absence of fossils identi¬ 
fying strata comparable to the usual forma tional unit is not by itself su£- 
dent to establish certainly the occunence of an onconfoTmity. 

Erroneous conclusions arc possible if the compared fossils are not present 
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in closely adfacent stmta. For esarapie^ an imcoofortuiiy lias been rqwjrted 
to separate the Hailey Limestone fDev%J from the iindettying Bambridge 
Limestotie (SiL) in south eastern Missouri because the faunal describe 
from thc^ formatiotis have heeu fudged to indicate neither earliest Dev^ 
niatj nor latest Sihrrian time. Both formations, liQwe\er, aie generally wnhis- 
siliferous and the rtmes that have himisheid jrinst of flic specimens are sepa¬ 
rated by mOT^ than 100 feet of barren strata. No good evidence of a pht^ical 
break between these fonnations ha$betii recordcd^ The unfossiliferous strata 
may fully represent the time that has been beUeved to separate the faunas. 

Another eicample of possible mi^niterpretation is provided by the Dcii o- 
tuau-Mississippiaii boimdaTy tin the east side of the Mleglicny plateau I see 
Kigitie 156). Tlieie detrital strata generally identified as Poermo randstniie 



FaQUrfi TS6. SlfDlStrrapIric relaliojis erf Offfonjnii ^nd MiisinfpiJTqn {oTmatiDTij along 
iha of iHi Allegheny plarmau. Jhw tor^e dia^remt ihowf the con’rentianal 

IntBfpnilOtjan trf Mliikilpplon Itrafq ynqorrfarmubly pverilcippirig ujccwimly aldei Qqvo- 
q^knt fotTifUliDn^ rhfli irffyuceil q-ildqiicq 9ud% on uncqnf^finSly Hqi not beqn reporlied. 
Xhm tnwl ihowi an exEivmqtrrti hUfirpret^liEm amfermlnfl fo ih* ittarigrapHic r«ia]]ana m- 
currrng In CoTikin ds^ta ra tho w«t. 


(Miss.) have not fumi-sbed fossils similar to $pecie$ of tlic l/itv^er Misslssip- 
pian formatiansof the upper Mississippi VaUcy. This sandstone avedict Up¬ 
per Devonian fomidtions that, in a soiithwxstetn direction, art first CatsliilL 
like red beds* fhm Cheiuuiig-like sandstone, aiid finally Chaltanooga like 
black simle. ThiSi appamiit overlap and the absence of Uir^^er Mississippku 
fossils has been interpreted as evidence of an importsTit [mconformity al 
though no actual physical evidence of stratigrapliic disconCmuity ^ubkan- 
tiating this conclusion has ever bcoi reported. Possibly the Devonian 
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fonmtioru sic lat^rallj^ transitionaJ facitrs like thmc in the C^tskill delbi of 
Pennsylvdiiia and New York. If so, tlieie may be tip teal overlap. Hie 
€ 0 ni> fossils niav difier from those of the Mississippi V'aJlq because pF im¬ 
portant cnvaroiiiiienLil differences^ 

Goad evidence of uiiconforoiitv may be provided by the local absence of 
distinctive strata diamcletized by either lithologk or paleonlologic peculian- 
h'eSi OT both. ITic fossiih of dl s^tidi strata aie sn mdioLtion of envirunTiTental 
conditiotii just as the Ittb^logic features are, and Uicir full temporal range 
may be Tnneh greater than the narrow ione of their lot“4il iictunencc. Evi¬ 
dence of this type is not conclusive because facies change and mlegfade lat' 
cralJy. II* bowt:vcr, the apparently missing Sitiata are persistent iri nearby 
Areas, they may reasonably he thonght to liavc been more extensive otigi- 
natlv. Coneluiions based on sudi evidence ure stoigthened if careful nieas- 
irremcnt^^ dciiioustnite That n more iuiltisivc jhatigraphic uni! li;is beconic 
thinner hy an aiiiount eriual to the thickness of I he supposedly missing 
strata. 

Abnipt change in the litholnEie cliaracter of strata and tlse absence of In¬ 
tel grading macena! of in termed fate type may indicate nnconfomiitv Abrupt 
btholc^c change betvLrceu forma Lioiii characterized by different types of 
rock may be 'iignificairl, and many unoonfoimitics have Irtcn postulated mi 
no better evidence. Similar slimpl cJiaiiges occui commnnh, howirver. in 
lotmulioni^ ist heteTogciievrus ccrmpositioti. Contacts of this tji^e may record 
the altmlinn of phs'sical conditiouj williout aris noteworthy inter nip tioii in 
nedunentary deposition. 

More oi less prolonged statsc cnnditiciiis writh v'ery little dcpontioii of 
icdimeut maj be indicated b\ ^oine Thin i^ones nmrkcd bv the ocairrencc of 
glauconite and black phosphatic nodules. Because these liiaterLib are be¬ 
lieved to Iravc foMued slowly on the se4 bottom* They rnay identify tedimcri- 
tary interludes not related to emergence or eioiion. A zone of liiii. kind is 
widespread at tJie top of the Chaitamidga SIiaIc ^ Dev.-Miss. ^ cist of the 
Mississippi River. 

Eroiyion 

The tniiiciition of sediTneutax) layers at a strati graph it con Tact ts unmis¬ 
takable e\ndeiice of discoiitimutv. Tf l licr beds are aiigiilath dsseoxdant^ the 
eaiitzd Is likdy to be partittiLiily signifies ul. 

Tout types of aiigiibr discordance I’voe Figure l'^7\ uiuit be distinguished 
3 ?^ fnllfm‘5: I ! ? discordance alKjVI?nrigtiially hurizouTal itraLi (liar have been 
diastreplucally deformtd Uiid i™ded----aiTgtikr miconforiiiitifia; (2) discord¬ 
ance at an unevenlycnKlcd btiT uiiwarpcd STifface To wliich the layers of later 
deposited stratA coiihjrm“iniTiiil dip a| disconfomiities; \J\ djAconknee 
above strata that w'cre deposited in an inclined position—cruss-bedding; 
H) discordance produced by slutiipjiig or intcr^tfatAl flow, llicse arc not 
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hkdy ti> be niislalsen for each other except powflily in ven- liniilcd oulcnrps, 
Cnjii-liedd]ng and slump-atid flow structure afiect only restricted thicknesses 
Ijf strata and should not be confused with disturbed beds occiurine beneath 
an angular nr conformity. Cioss-bedding k rare except in sandstones and 
some shaTJow-water fragmental or oolitic limeslones. initial dip is raick per- 




angular unconformity 


I 

cross-beddjng 



INITIAL DIP 



SLUMP STRUCTURE 


^ n^' d«Cord8«. Ihfll miBht he cOolwMd fn j„„(| o«- 

«™nfonnitjr k ^yid,^ce rirunL^al dki-rbor^. [„;«„( rfip 
CfonlHiddmg er* f«tur« of oriBind ponibly ™r..iderobl, br 

'I 1’'“ imiirtare n»ulu fra™ J«oj ™d B^erolJy ra,a||. 

♦wJ* diitwhiM^* gf ^vxrwFy deihatil^d u n<iiniEofWoT&d Bfdimtfnti and ftoj. na nw»TY cftft- 
necJicin wfrii mktdesi leind af dtoiirErphic mDVBmtrtt. 


fwt^ develop^ and disappears in ov«i)ing strata. Also slumi>and-flou- 
l^ctures arc Jikdv to be ciceedmgl? inegular and vert local. All hul the 
fint type of angular discordance aic produced ju rcspotisc to tdativch- tem- 
pcKun [Hid li>ca! processes and conditiniis. 


A^lar ijnconfrinnities icjcord folding or other dtistiopJiic dishnlianct 
of older sfntfa that gcnrralST related to jmpnrtaiit stTuchiiaJ rad just- 
ments m more or less extensive regions. These stmctuial movements in- 
solved the eluvatimi uf «mre areas and possibly thev ^-ere accompanied bv 
and ..ertainly followed bv' cipsbiu Strata of alt kinds’and all tildei aaps wer^ 
iiifettcd. Angular unconfoiDiifm are more cemspicuous and thev ciimuionlv 
repiesuil mure tmpcrrtaijt breab in the stradgraplik record than dn inosl 
disajiifomiities, Hiey are ntihzed in most legions as mam for lubdindina 
geologic Iiistutv', bnt many of thciii are dlBLcuIt In date ictumtdv because of 
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the genmlly large gaps between the ages of the youtigesl underlying and 
oldest ovcrhing beds. 

The devdopment erf uije%^ii fopogmpUit juifaces by tbt ertjiion of undii- 
ttirbed or <mly gently wajped strata also results in tnincaticfn. Piscnnlotnih 
ties pre&CT\^e topography confesponduig to afl stages of tiie physiog^phic 
cyxle caiLgiug from un dissected surfaces to neat pcuepbiies. Sub-Pennsylva' 
nbn valleys in Illinois and western Kcntncky wetc cut to depths of more 
than feet but H.ich t^llcys are eicEptional. BiiTried relief resulting from 
ercisicm on the stahle contintnlal platfoim gcncralU is iiioic uiodeiatc. It 
nirclv tTsceedi 100 feet. Few of the conspicuous irilerc>'diLal cinuuids of 
Illinois Ptnnsylvanian approadi this figure. Disconfonnitics show many 
uiiiioT irregubjTtic^^ but most of them are so subdued topogrsplncally tliat 
slopes are not apparent at oidinaiy^ outcrops. Details generally can be deter- 
mbied mily by very cartful rneamrement of forma tion thicknesses and deva- 
tions at many closdy spaced localit^^ 

In addition to erosiorral irrcgulaiitlEs, other remits of mbaerial processes 
may aid m the recognition of old land surfaces and the uncon Fonnities that 
raaik their posidom^ in the sttadgiaphic section. Most of these processes are 
induded under the general designation veot/imfig althou^i chemical de- 
compesition is relatively unimportant becatise sediments consist very largely 
of itsisbmt minerab. Chemical weathering is more characteristic of igncoius 
than of sedimentaty rocks. Sedimenb overlying igneous rocks at some places 
drj not show dear-cut low^ boundaries. For emmpltj the Fcirmtaui Ponna- 
tioii (Penn.) m southeistem Wyerming cotEsist$ of coarse reddish mtosic 
sands and sandy shales. Strata of these kinds locally grade dovmw'ard with- 
nut abrupt change in character through a poorly bedded zone to unstiatificd 
rubble that passes imperceptibly below into soUd red granite- The oridatiou 
of imu sulfides,, probably related to fonxicT «trface eipo^urc, marki some un- 
confonnities and stains underlying strata red or brown. TIic concentration 
nf mangaiiesi: ami black staining, aii in sume pAxts of Arkansas and Tennes¬ 
see, also is bclicir'cd to have been related to weathering of limestone whslc it 
fonned part of an old land surface, 

Somekmd of soil probably developed on most land surfaces that persisted 
For an appreciable tituc. Old soils, howt^ver, arc not commonly preserved as 
part of the stmtigraphic rtfcord. Compatath^ely (cw good examples am 
known oscept beneath rtnals of the PemuyIvan ran and at the surfaces of the 
cirlin Pleistocene tlrifj drccts. Soil is partioiiarh' vuluetahlc to dcstniction 
because it is loose matciiol lying at the sitrface where it is constantly mb]C£A 
to eiosbu. Most regioTis achiese equilihrium behi ten soil formation, by 
w'eathmng, and erosion* but a change in conditiom may lesult in the swift 
stripping away of the entire soil cover. Marine submcigencc of the land gcu- 
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Cfall)- had this outcome. Advancing waves and shore cinTCnts iraioved all 
loose matciid froin the miderlying rock, tiauiported it to some odier loca¬ 
tion, and deposited it miTCd with other sediments iu jueJi a form tJeit its ori¬ 
gin ij rarth obvious. Consequently very few uncoofonnitics sepamting tna- 
fine iormatiotis retain any trace of an aid soil covet. 

Remnants of old soils arc more likely to be preserved in accumubficirr.s of 
leaestrial sediment- Soils require considerable time for their production, 
however, and they probably are absent from many non-marine futmatloos 
because locnt aggradational and dcgtatlatioTial pitKesses were so etnitinu- 
ously in opcratioTi that a well-dcvtloped soil had no opportimity to form. 
PennsvlvanLin underclass have been iccognized as old soils for many years, 
TFiev are preserved eJtiiei because they- developed beoeatli accrmuiliting 
peal or because peal swarops later provided a protective cover for thern- in 
either case, lliey went produced mainly by the leaching of a low. flat, poorly 
dnihicd land surface. If uiiderclay development and peat accuinuiiition were 
ccmtemporauemis, both rtpresent the vame interval of time and no achial 
imconfonuity ocems. If on the contmry uiidmlay formation autedated peat 
accumolation. the contacts between these beds record hiatuses aud may be 
considcicil unconforaiitiCS- 

Pldstoeciie inteigtacial soils were pToduced by both teaching and chemical 
decomposition of glacial till- They- have liccii widely preserved because of 
low topographic relief and pooi drainage and because thc-y probably were 
fffWTi when overridden hy later glactcn, Uscftil iulannation concerning the 
relative duration of the intergkcLnl ages » furnished by- mcswureincnts and 
cornparisniis of soil thicknesses. 

Silici Scat ion and solutioii are other itsalls of weathering that Iiave af¬ 
fected snrfacc rocks. They may furnish evidence of imconficrTmity in lime¬ 
stone sequences. Disseminated silica present as sponge sptculcs or in other 
forms has been dissolved by ground w-atcr, transported for some distances, 
and redcpiisiled. The concentration of silica at and near dtposed Iruicstout 
satfacci is not particuhiTly obvious on tasua} iiupectiim but it is so common 
that a secondarily silldfied zone may aid in the identification of an overljirtg 
unconformity. Repbeement of fossils or other limestone constituents such as 
oolites also has been common. Much chert probably was produced in this 
way. 

Slowly circulating gmund water is capable of dissolving miicb limestone, 
and gVlJSHm aud rock salt are even more icaElily soluble. TIic outcropping 
pirtinns of many limestone formatioiis are imrkeil by sink hole, eukiged 
joints, and carems. Limestone tevture influences the manner in wliidi solu- 
tion acts. In formatiems consirttrig of Gne-graincd dense strata, solutiun is 
likely to be concentrated along johils and bedding pbnes, aud relatively 
brgc openings may resulL In coarsely crystalhiic ot bosc-tcxtuied limeslnne, 
solutioti grmcally is less concentrated and may be largely inlergrajmtai. This 
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t^-pc of soluJjon may result m the dcvclopuietit of ihloJitk seam^ or second- 
aiy porosity. Sfmic important oil rcservotts have Ledu produced m this 

Solution of liniestuiiE h nut necessarily restricted to 3 zone near the sur^ 
fate hui may (ontinue below the limttT table for hujidrcds of feel. Tlic 
McCJoskey oil "sand" of Tliinois, a porous zone occumii^ at some places 
more than 150 feet below on unconfonnily at Uic top of the Ste. Gentski'C 
Ijmcstooe i Miss.^, is beiicsed to be in part an esample of seraiidaiy |»minv 
ity. ,Uso loipts and sink siructmesi tlwt griginatvii an mi old Imtii surface have 
k*cii greatly eniaiged after subserjowit burial and as they gieu thc>' were 
filled with tnaterial grjdniilly squeezed drns-nward from above. Tfiis kind ot 
solution has occiuied in Uniestonc and dolomite at many places beneath the 
lub-Pwmsyli'ijtibn nnranformity in Illinois and Missouri and possible also 
beneath the stib-Chattanooga unconfarmity flate Dev.) neat Chicago. 

Many unconfotinities aie overlain by conglomerates tlnit form the base of 
a fotimriim, and basiil conglouicrates ate iianmiDulv cited as evidence of ui> 
conformity. Stinie cojiglomcrates yie so wnspicuoui that they have dictated 
the phcetiieiit of formalioji boimtlaries. Others are mnclj less pmniineul ot 
[«s Continuuui. Sonic congbmetates of tins kind would attract little atten¬ 
tion if they did not ixtut at boundaries chosen for olhci lEa.voiis. Qllim 
have influenetd the telectmn of a partienUr horizon as a stmtkiatdiic 
bonndan appioumatcly where a bomidai; was desired. Cofighinicrates of 
these latter U-iics actually may be no luoie significint than some other. Hot 
have been litUe noticed became they lie in tire midst of what Ims been con¬ 
sidered to be a strarigrapbic unit . The tenn fkisd congtomeratc lias very' little 
mtaning, thciefore, beyond referring to a deposit constituting the lowest 
part of some recognized stratigmphic unit. 

Many conglojiieratej maik mtcnuplions m stdnnmtaty deporitbn 1ml 
others do not. Few of them provide much iiiformation tmiccrniug the mag¬ 
nitude or importance of a possible stnitigrapliic discoiitimiUy. Pebbles of lo¬ 
cal derivulnm may indicate no more than vcr\ brief iiUtTrupliim of depasi- 
hon and slight nearby erosion. I or example, shale pebbles, crjmmon m niaiiv 
noiirmaniie santlvlonei. gencmlly were produced by tcmpnmiv ciiannel cut¬ 
ting Umestone pebbles in limeslauc probably rcctrrd a hiatus and at least 
brief csptwirre to the actiuii nf sitbaciial agencies, Lime sedunents are not 
known to iMKonie sufficiently consolidated on the sea floor to develop mate¬ 
rial cohesive etioiigb tu protlucc pebbits. Such eongh>mer,ites mas Ire dif 
fciciitly cwrlmteJ. Thus, a thin hmestone eangloucrate noted at several 
places m westms Illinois and uorthcastem Mismiirr wiilim the St Louis 
Liuiestonc f \fiss,j lias never bccfl onmdcred jiaiticularly significaiit. Dis- 
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continuous patches of similar ronglomcicitc in western Kentuckyhoweicr, 
are believed to mark a widespread but gontmliy obscure iinct>nfonnity be¬ 
tween tbe Renault and Ste. Genc\i(nj'c limestones i Miss.) which can be lo¬ 
cated at most places onJy by paleoutologic means. 

(lesidual giavel also is of local derivation, but if a eonglomerate of this 
type is distinguishable, it generally can be accepted as exddence of note- 
wortliy tmcDiifniniity. Residual gravel was produced by loc^l weiitheriiig and 
^hnultl contain no foreign pebbles. It h likely to oveiJie aji uneven surface 
and l>e concentrated irregular]) jn depressioiis of that surface. Some icwnrli- 
fng piotjabty took ptace before ^edinientaty deposition wis rtsuuied and tins 
material l>c<^me a basal conglomerate, but the gra%'e! w^as not moved tar 
enough for the pebbles to become mticli worn und rounded. Clicrt gr»i^ d 
on a limcvttmc smfacc may cons til ute a congjornicrate of this kind. A gcMid 
example <KCirri near St. Loui^ wlicie angular chat fragments deriTied fmm 
the weathering of the unclcrlying VliKsissippian limcijtonc arc locally present 
to a thickness of tw^cuty feet or mote: at the ba^e of the Pennsylvanian 5)3- 
teni. Chert pebbles also occur fifty miles to the south in the midst of the 
Mississippian limestone succession bii( some of them contain Dcvoinaii fos¬ 
sils. Obdously Lbesc pebbles ivene trauspuTfed and they do not provide evi- 
deiire of weatliETiiig oi erosiofi at tlie pLice where they uow are found. 

Conglumciata consist iug of foreign p^bblos liave different iniplicatiaiu. 
Til the course: of tun sport such pebbles are much w^om. tf they have C’onic 
long distances* only the harder, loughei, and less soluble hpes ate likely to 
have sunived. Conglomerates of this kind □m most commoiih associated 
with noii-rnunne f^iirlstoncs. They may overlie an unconforunt)' but tlicv uric 
atm<5St js likely ui occur within a rapid!v deposited delrital sequence whimt: 
their imgular diittibutioii is a leflectiou uf the vaii^bilil)' of Jocia.] current ac¬ 
tion and nut ncec^saiih nf any interrupt ion of deposition. Congiommtes 
consisting nf wdl-nnindeil quartz pebbles derived from some divt^nt area 
arc chaniCtO'wtiCK for aumiple. of tfiw^er PeimsylvaoiLku s^iid^touc^ in the 
southeastern part of the Eastern Inlefior basin. Most conglomcnites of this 
kind were deposited from flowing wuter. Some may have been reworked by 
wavei and Currents along a licacis. Otherwise the presence or foreign pebhlt:s 
in a mamie fomiiitioii requires some i&peera! c.^planation. Such "erratic^* peb 
hies generally ore ftipposcd to have h^u traiispotEcd frozen in ice or entan¬ 
gled in floating vegetntion. 

SubsuTftSi:^ Evidence 

All totaria useful fur the recogniljon of imeonformitic^ in autcmppiiig 
strain also are ^igiiificaiiL lu the identification of subsurface uncoil form it ics. 
Hie records of wclh and borings which provide most available iiitortnation 
coiiccriimg buried fomiations. however, constitute such minute and isolated 
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fiamples of the stmtigraphic icction tliat lecogriLliDn and inteqiretation of 
evidence generally are diffinilt and tin certain, rhe kinds of records available 
for study are iuiportant. Cores iiimUh more and better inforimfaon tfiaa cut¬ 
tings. and electric lo^ are least satisfactory. Por example, a conglomerate is 
readily tecogniTsbIe in cotes, but chert cuttings may have come from tlic 
pebbles of 3 con^omeiatc or from nntljsturbed concietiojiarj' nodules. Nei¬ 
ther pebbles nor nodules Viuidd be revealed by an electric log. 

Altliough well teconb generally provide less detailed tufonnation, they arc 
sup^or to outcrops in one miportant respect: Ihej present umntemipted 
sections tbmugh complete foTmations, Hius, thicbiesses of formations and 
variatioijj, in thickness art shown much mure accural civ than at niost out- 
craps. AI.W compiled data from many wells may reveal the regional rektioiis 
of uDconfrirmities very satisfaclonly. The or erkpping reblions of stiata at 
prominent tincoiiformable surfaces and the feaEiiras of tcipogmpliic irrcgii' 
larity commonly can lie traced with detail lliat is limited only by the distribo- 
tion and proximity nf wdls. 

Under most Eiiciimstances, imconformitits are difficult to recognize in 
snbsutfaLC stiatigraphie sections. Those kno^vn at outcrops may be traceable 
foj long distancei beneath the cover of younger fortiiatiuus. bnl identiliBi- 
tion of unconformities not fcnow'n at outcrops is Utely to be doubtful. Ilie 
subsurface Mayes Fonnation iMiss.) of Oidalioma provides an rampic of 
uncertainty and disagreement. Some geologists believe that it is separated 
from the undcilying floouc Chert (Miss.) by an aostonal imconfomiity 
cutting across llic older fomtitiotj ami thns (ivcrkipping it, Others mteiprct 
these same rdatkms as Ihe lateral intergradation of two charactcnsticalh dif¬ 
ferent facies in strata of crjutvalen t age. 

MAGNITUDE AND MEASUflEMEblT 

The luagnilmJe or importance of an imconfomiitv can be appraised m 
terms of f I) time. (2) thickness of missing strata, f diffcrcnlral lehef re¬ 
sulting from erosion. (4) areyl wtciii. (? j structural discoicLincc, and 
(Gl distinctness uf dcvelupmeiil, Tlie first four of these measures can be«^ 
pressed to some extent mnncricalJy and are most readily compared. The last 
two, fioweva, arc wholly relative. All ate independent variables. Although 
there arc certain obvious possible rclatinnsbips, as. for csainple, betwceti 
lime value and tliickntss of missing strata or between relief or atignLu dis¬ 
cordance and distmetness, no one can be translated acenratejv into tenns of 
another. Satisfactory measurement of an imcouformily cannot be expressed 
til any of these terms alone. The: importance of au uncunfomiitv can be eval¬ 
uated only when all j|s features are considered in conjunctioti ifiei edi fea^ 
hire lias been weighted in some way according to individoal circumstances. 
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Tims and Thickness o f Missing Siraia 
41ic time \h^t b wntiep resell ted by strata at an DnainfDrmrty coimstii cl 
two parts who^ ddfcrericcs inusl be retogjiized: 11 f the time duxlng nbjch 
sedimentary dcpfi^iiHcin pmduc«i strata that were renioved later by erosion 
and (Z) the time dimng which Uiere ^as no deposition and when erosion 
may have been accompfished (see t’ ignre I5S). The second time intertaJ is 
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Rgurs 15S. Sdinmatkc dkigrofn ih Owing tt>& f«1alio^i qI nond^po^Mion and arukiti lo 
Eirvconfonnilie^. HkHui A and tikiliji S of# -but itic t^tblhne irrrpeiTlonCfi ot ihs non- 

drpciJiiiQiwI inTBfvaF npnd dirpth at ttosian ar< reverted. C rttp^te^iti Fhe hicdui al a amh 
uncofl^armEty praducxKJ by tbo »ifir‘glng of twa timple unconfaritiEjJn. 
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liktly to have bt^en more or less unilomi ttnoughout considcftiblc parts of 
the area of any imconfomiitj', Tlie first interval, however, may have scried 
bctwx-cn wide cirttancs depaiding upon the depth ol erosion at different 
places. 

The most obvious nr gros^ time value of an ancon fomiity is indicated bj' 
the difference bctrt'ecn the ages of the yqwngcst underlying ^nd oldest over- 
lying stratn. This may tie an adequate local descriptive value, hut it is not sig¬ 
nificant for gc<ilogic interpretation because the two time components are 
not differCTitiated. [dentical uiiconformabk ictatioris might result from ei- 
dier (\) a long mtcmiptioii of scdimcntiiTv deposition accompanied by Ut- 
tie or no erosion cr (2) rapid and deep erosion duniig a short interval of 
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time. Ordinarily' an uticanfnrmit}' funii$hcs little evidence conccniing the 
rebtivc rnipf.'Ttince of such cs'enis alfliou^b sonic Iiints may be pioviJcd, 
Thus, secondary silicification suggests long statiu esrposuie, and a biml t<in- 
glomcrate of residua! giavel mdicates cojjsidfrable loea! erasian. .Also an 
tincoivforiiiity may be composite and represent a camples history of deposi- 
tionflb noudqjositional, and crasional episodes all of iinkiiowni relative du¬ 
ration. 

Measurement of an irnconlomiity in ttims nf the thickness of bcaby 
tiiissiiig strata may he appealing to the iinagmahoti littanse strata can be 
visualised, t his is, however, only an indirect tneaus uf cxpres.sing timf le- 
lationships. It is imprecise because the standard of measure iv the rate of 
sedimentary deposition, wbidi has wried iK’tween mde c-ttremes. In addi¬ 
tion to uiiccrtamties uf lateral v'aitatjaii in the lliiekiiesies of equivalent 
strata, this metliod of meaiuicmcnt jluucs all the rincertainties of mcasuie- 
inent in temis of time. 

The time that is significant for historical niterprctation u only the time 
during which dtpnjitiun actually wm interrupled. Tliis was generally less 
and it may have been, much less than the time which is uiircprcseiited in the 
stratigraphic record. Moreover the iLicknCss of strata that U iignificatit is 
only the ihiekiiess destroyed and removed W erosion. This is less and it iiuv 
be uiudi less than the Hiickiiea of the total lorally missing stratigraphic sec¬ 
tion. Neither the time uihie of stiuta removed by erosion nor the thickness 
of shata that mn-er were deposited has much actual meaning. Finally, tic 
nuiiiber of episodes of mtcmiptiun and erosion and then itktivc durjlious 
and itjtens!lies are important 

Reconstruction of iJie senes of episodes that coolributcd to the devdtili- 
ment of an unronfornhly must be based on details of iJic stratigraphic rac- 
ord preserver! at Other pbc&. Hiis involves irUcrpTetaticm based no the most 
pmhabtc of pissibililies. and lie rc^uliii iimitablj are imccTraiu. Also he^ 
cause conditions and happenings may have vantd mucli bom place to ijLicc, 
an interprctatimi u Inch .sccmi prohabk- for one locality' may noi meet either 
the apparent iir the anrccognbed Ttt]uiit-merits at another. 

Uncertainties inherent in the interpretation of imccinformjties can Kc ib 
tushated hy a cnnsidenilion of overlap in the east centra) United State? uf 
thcChanamioEa Shale i Dev. Miss.) and its ktcially tontimnitB forniatioiii 
onto strata that locally are as old 35 the Midrllt Ordnviciun. Tlie most obv-j- 
iiiii iiilerpretation is as follows: ^ 1 ] Gentle waiping in late ITcvoinan time 
uplifted the borders of llic m.iji>r sedimeutary b^lsill^ of fhc cmitinenhil plat¬ 
form, t 3 j This was accompanied or followed by emsion wlucji removed all 
r>cvonian, all Silurinig ami some Ordovician strata from the most dcvatetl 
areas, Subsequently the region was submerged and black shale w^s de^ 
posited on the old land surtace, 

.Mtcniativel) the follau'uig cspbnation Ls possible: j I 1 General lowering 
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of sea lev^el in late Silurian hmc accampankd by snbsidcjicc m the 
deeper basin areas. ( 2 i Ear ly Devoniai^ dq>r>^itlt]fi resETkttd to these 
deeper biiia areas; at the same time erosion active on the ejnergent por¬ 
tions of the cpntiueijtal platform and all Silurian and some Ordovician 
strata were locally removed i y] Riring sea level in mid-Devonian time rC' 
suited in general ^tthmergence and 3 relatively thin cmcr of Middle Devi>- 
nbfj ^Imla overlapped this old land surface. | 4 j Sea Icvxl fell again m late 
Devonian tune and these tliin deposits were eroded from mo^t of the higher 
interbasiii areas. [Si jSear the end of the Devonian Penod rcsubmcrgence 
occLirretl and black shale was deposited on the stripped sirriace tf the old 
unconfoniiity. 

Both of these opknatioris account for the obscrv'ccl imconfomiablc rcLa- 
troiis, Eire first postuiates a mapr enMioifal episode in late DevTaniiin time, 
and stratigiaphic evidence on fhe east Hank of the Ozark region seems to 
favoi it- The other postulates a maior episode ot erosion in carh DcvTinian 
time and a later minor one. It appears to be favored by stistigraphre evi¬ 
dence on the west Bank of the Cincinnati arch and elsewhere. 

Rcfic/ <3/ Lhicoufarmtible Surface 

Eire differential topographic rclref dcv'clnped by erosion and subsequently 
buried at an uiicoiiformik am be determined fairly amnately from eleva- 
timii ioiTccLed for nregnbrities resulting fiDm later warping. Tire relief at a 
disconfomjity also is shown bv the variabk thicbiess of underlying bests 
providing that the unit measured was originally uniformI)' thick. Simitar 
iireusufcnicnls of overlying strata generally are satisfactory if relief on the 
eroded surface b tuodciately low. II it is liigb, bter sediments may have 
inpped upward cm the tbpes of topographic promiirenccs or differential 
compactHm may hsive eomptesved lire tliickcr sedimmts deposited between 
these pinminencts that djffctenee& between ma^mnm and minimum 
measmements are too small. 

ITse impartarice f?f uri luiconfomiity in terms of time or depth of erusion 
is not indicated bv its tO|TOgtaphic rehef. !f Qncient land surfaces were et 
\mcil to the action of tn^siou long Luougli, they^ pssed through a cycle of 
phy^ifTgraphic and topcjgmpliic stages ranging from youth to ninLiirrU and 
finalh to old age. V arionv stages of iiuitnrih' may be distiiiguiahiible 011 the 
liasi^ of Hie shupes ol buried ridgCs and vullev's and the Etcqiness oi thdr 
vtnp£ 5 . A very young uiict^kIcxI surfiicir., howeverp rriKT be quite sitrulai to <mc 
that is my old and pcncpluicd* Topography developed on. Piccambrian 
locks shows that great relief b not necessarily indication ol a longer pcitcid 
of erosion, ['or example, rhe gcnerallv featureless suhCambfian tmeonform- 
itv 111 ^V'isconsl^ isalmovJ a (sencpianc and probably records a iiiiich longer 
pcriiJd of crus ion under stable conditions tliaii docs the suhCutnbnim un- 
confoimity iu the Mhsimri Oiiorks where a maturely dissected surface bears 
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hilli rising to heights of lOOQ feet or more. Perhaps the Ozaiic regbn was ele¬ 
vated in early Cauilirian lime aud erosion dalroj cd the old flat iiiihtce and 
pTorliiced a liilly rogion that was burned b)' Upper CamfariaTi sediments. 

Sfrwc'ftfruf DistorJdfici? 

Tlic gross jncasnie of an angular iincnnfoniiit>'m terms of eillicr trine or 
flricbiew of missing strata vanes considerably from pbee to place because 
disrordant structure brings different parts of the undcilyiiig rtratigiapliic se¬ 
quence into contact with overlying beds. TTie masimum depth of cfosiott iti 
dipping strata must have been greater and it may have hceu much greater 
than the tliickness of beds iocalU destioyeil. Rejativcly sererie erosion was 
ictpiired to produce most angular imtonfonnities. Tire duration of emer¬ 
gence and iron deposition, however, probably was generally much less 
the time value of the locally missing strata. For all of these reasons, neither 
time nor .stiattgraphic thickness is a particularly useful measure of angabr 
unconformities. 

Angular unconlortnitics are observed roost commonlv upon the Hanks of 
disturbed anas, lu one direction they are hteJy to be lost because later 
croiioii has cut down to lowia leveU. In the otlier, structural discordance 
liecumes less promrunced and unttinfomiitieji pass mto a stiaiigraphie se¬ 
quence as iiiwcdging strata separated by discoufomiitics appear, f'hb pas¬ 
sage commonly ociuin bcncjth a cover of jonngcr formation wheir its 
details arc not readily detcimiimblc. ComeqaHitlv the integration of auga- 
lai uDconformities vvitli tbe g)ejienil s&atigtaphic record u likely to he diffi¬ 
cult and uncertuin within ioraewhat wide time llinihs. 

In the iiitetprcUtion and cvaliution of angular untonfoimities, the dia- 
stTophic diiturbance responsible for structural dricordance generally over¬ 
shadows all stratigraphk fcahntB. Sudi disturbance involved folding, pos- 
sOjIt overthmsting, and uplift. These cannot be measured nccuralely hv the 
stnietiiral feituics obitn-jble in any single area. A review of buth stratj- 
grapbii andstmcluial relations evident at such an uncoufomrilv throughout 
an cstcnsivc legiou. however, may serve to radicate the lebtrii magnitude 
of thcaiigiibrimcqnformity and the diastrophism thal produced it. 

Diifincfricsp of Expreitsi<m 

structural dritordaiice, marked vafiations in topographic relief, or the 
piesence of prominent hasal eunglomerates imkes some unconformities 
conspiciKim. Marry discoiifoimitiev, hcmcvir, are more or less obsctiit. Some 
occur at sharp contacts between diffcrcct kinds of strata, hut such a rontnet 
ts not a sure sign of an oncojiformity. Othm bring beds of afnroAt identical 
lithologic character into cotifaci and tliesc arc very diflicnll to recognize, A 
widespread but fclalively minor discoufomiity, far cvample, separates fbe 
Stc. Getnu-ievc and Renault limestones (Miss.j in the Irtwer Ohio Valley, 
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At a ivw places inegulariHes of this contact ha vie been ob^ervetf. At orbm 
rtiere is a thm basal coxi^lomeratc of rounded Umestonc pebbfes. niscft here 
this breaJt in the stratigraphic sequence can be located only by paleontolo^c 
means. 

Near Vahneyer in sontb^'CStcm Illinois, the Muaksippian dLcconfDmnjbly 
Overlies the Upper Oidovici4ii (see Figure 15?p p. \ - More than 100(1 feet 
of strata present only f»() miles awi'^y are mkslng from tlie section here. ITiis 
disconfonnit)' lies near the contact of reddislt shaly and cherty betn Gfcii 
Limestone with underlying groeuish-bro^vt] Maqnoketa Shale. There is an 
abrupt lithologic change but tso clear physical evidence of any stmtigrapliic 
mtermption. As seen in outcrop, the I>c£ldirLg if; parallel in iJiese fotmations 
and no irrefnlarih at any bedding sinfece is appateuL Tlic actual nnton- 
formfty probably is marked by an obiscure one-midi sandy root lying about a 
foot below the limestone under a cover of te worked grcenisli shale, 

TTis is a tnafor iinconfrjrmity—one of the greatest ^tintigniphie breaks 
knowTi in the upper .Mississippi %^allc)r'. it is an excellent illnstratiDn of the 
fact that the magnitude of an unconformity is not ncccssanly matched by 
its distinctness. In contrast eiosional channels Riled with Pennsyb-aniaii 
f^itiiclitonc [see Fifiiie 178, p. 483 J cut steeply and abruptly across ujiderly- 
ing strata, but the stratigraphic discontiniiities that are so clearly mealed are. 
very greatly infciior in botlj time value and ihickness of missing strata, 

An'c/i E.vfcrrf 

In general a v\4dely extensive imconformity is Mkcly to be more significant 
tfian a toc^l one because it records tmpcutaTit changi^ in conditions thfoiigh- 
out 3 larger ^tc^. Tt may not be more distinetp however^ and it may icprcsc-nt 
a sinaTIer time break in a stratigrapliic 3er|uejice 

Submarine and non-marine uncarifomuties which tequiie ijo radical cn- 
vjicuimental change rarely are extensive. Local uncoiLfmnnties also mxs re¬ 
sult from minor fJiictuatimis in sea level or from IdchI rnisfal waipiiig* 
Extensive unconfonmtieSt no the other luiid^ getierolly arc of rhe marine re^ 
gressiv'c-fiansgTcssivc type- Thej- record sea-level changes of ^uEcicnt magni¬ 
tude to fust drain and Iiater flood large areas. If they can be traced or gEIict- 
identified, thevart^ especially important forconelation. 

OBSCURE UNCONfOftMrTlES 

Almost every nqinit on areal genlcigr^ records the existence of unconf 01 mi- 
ties. A few are clear and unmistakable but many otheia are mote or less oh- 
Scure. PreJiiniiflbly most stratigraphic siicxcssions abo are iiitcrniptcd by an 
unknown bul large numbei: of iinrccognisfed diastems. Perhaps the tcili- 
ments presm'c a much less complete stratigraphic ECcoid tiiau commonlv 
bcliwed. 
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Between the filivious uucoiiforniitjes and the greal majority nf diastems 
that resTiUed fram interruptimi^ too brief to be uf miieh individual impot' 
tance is m inlermediatc gfuttp of dmjontiiiuit^, Tliis indiidcs various 
grades of obscure, dubious, and Undetected uiicaiiformities. In tcrf:al they 
may account for an appreciable fraction of geologic time m manv regious, 
I’heiT recognition and interpretation are important for botli the sobdivisiiuii 
and classification of straCigraphic units and tlic reconstiucricm of gwlogic 
tu 5 tor}\ 

An understanding of tltt geologic record is doudnl bs' both the postnla- 
tion of doubtful uneenfonnities Ijased on imideqiulc or none^ri stent evi¬ 
dence and tile oversight or disregard of tsidence pertinent to the actual 
pieseaice of uiiconformitics, A common tc'ndency for geologists to accept 
orthodox formations as unetpuvocally natural ruck units aud a desire for pr^- 
cise boundaries leads to the postulation of unconformities on insubstantial 
evidence. Similar or even better indkafions of uncanfomiability' at positions 
tlial are not considered formation boundaries are likely to be igtioicd. The 
reec^iitioii of ininar disconfonnities is not easy, and even after catdnf study 
the status of a possible disconformity may remain in doubt. In everv cas^ 
however, mdeiice regarding the occuiienct of a disconfomnh' at sotne pre¬ 
ferred position ill tlie sttatignrphic section should be juilged on its own 
merits without piecoiiceivcd ideas and witlioul prejudice resulting from 
former mterpietatioTu or the opinions of □Lfaers. 
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Stratigraphic Classification 


Cr^ssmcATioN is nttcsaty )ii straligniphy fcir tlucc reasans: 

1. Jt fiimishcs a stuoiknl of refemice with whicli auj ^Johc 

c%t:nts cv^rj"ft'lid'c can be con i p^ed. ^ ^ 

2. It sy>tcimtwc$ imowledgc and provides it paitera that can be mastered 
vnthoot tlie tiaesijty for icmemhering a great mass of intricate and more or 
less rmrclated del ails, 

J, It serve to distinguish diffijrcnt tj-pes of coiicepts that must be kent 
clearly sqarated fram cacli other if confusion is to be avoided. ^ 

Classification provides 3 senes of comprtments or pigeonholes for ar¬ 
ranging and relating iiiforniatioD in a logical manner. Tlie conitortnjcntB 
arc of diScrent types and of different grades of importance, 'rhereare lamp 
and mcliisHx eompartments. which are subdivided into smaller and prom^ 
avdy more esduave ones. Chapter % cspkins how the larger stratLaphic 
traits of onekmdr the lysleitu^ctine to he rccugniMd. ^ ^ 

Stratigraphic clnssificatam is certain to be arbitrary and artificial tri some 
extent, ft has no meaning or iraportirace except as it promotes and claiifits 
the description, mapping, and interpretation of stratified rocks and aid« in 
the reconstniLtioii of geoiogic history. 

ROCKS AND TIME 

Stiatigraphcis are concerned with both rocks and h'me. These are vciv 
different but they are eluscly related to each other. A stratum, foraiiitkm in 
any other rock unit possesses a saricty- of physico! charactersi Lhickiiess,'cx- 
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tcntt ccmpCKSition+ color and so forth. It can be obsewed, mea^uredr 
mapped, described, and analyzed. In addifEOn such a unit required a certain 
time foT its forma Hon and, therefore, represents that particular interval of 
time. The mck imit preserves a lecord of some of the couditiom that exited^ 
some of the proctsises that were active and some of ilic events that occuned 
during that time. Eiccept for the most recent happenings in geologic history^ 
it is the chief reoiaining record. 

Tims stratigraphy deals ^vith two quite dificrent things bnt because thc 5 c 
arc related three concepts ;lrise in their consideration: (I I rocks alone; 
(Z) tiuie aJoue^ and (3) R^cks and time ii\ relation to each Other 

Terms ate needed for each of these concepts in order to make it dear 
which one is being referred to at any ttiniiient. 

Cunc^pt of /locfe Lhrits 

All terms introduced by the early sEratigraphera were simply rock terms. 
They used the indefinite designations formutiati, group, smes, or sysfcTTi, as 
well as some others, moie or less iiidiscriminatcly. lli&e are all common 
words familiar to eseiyooe and originally they fiad no specific technical 
stratigraphic meanings. 

"tlie word formjfiqii was originally used in gtolog>' by Fiidisel for a con- 
tinunus succession of stmta prodiiH:^ uiidei similar conditimis. II imphed 
both origin and strutigTaphic portion. W^'etuer cmploy'cd tljis term* however^ 
Ell a stnclly petrogmphic sense. Thus all limestones or all sandstones comti- 
hi ted a formation winch recurred again and again in a stratigraphic St- 
queirc^. In toiihn^l^ he grouped stmta into suites—mutually exclusive and 
suixessive stratigrapiiic luiits. In France formation had a similar meaning 
and iemnn was used instead of miU. In England De la BccUc employed 
group whereas Minchison used system tn the biter ^ense. Von Hiimholdt 
reverted to the original meaning. He con?ideied that a formation had hutli 
genetic and petrographic idaDtity and also poss^ed time value ( S6C p. 421J. 

Later stratigniplLcis appear to have chosen one of these words rather than 
another for a particuLu ^stratigraphic inut because it seemed appropriate. 
Tims group or suggested greater hthfdogk heterogeneity than forma 
tion but less thickness than system. Usage was not consistent and until the 
bttei part of the niiicLeenth ctnlmy little need w’as Felt Foi a graded se¬ 
quence of ttrm^ cadi more tncluihc thun the \M- Even $Qtiie tw'entictli- 
centiiry rqjorti eiiipby group and smes iu the old infumial way tlial does 
not correspond to accejited modem usage. 

Con-L’Cpt cjf Time Unrtis 

Tlie tiiue TOucepl involved in historical intcrprctutiori was vjgody real¬ 
ized Wfete the dawn of mixicnt geology-, as explaincd in Clrapter 2^ but its 
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appUutioi) to tock« in gcn™l was IciJig delayed. TIus contx-pt is evident^ for 
exautple. hi tlie early Iwlie/ that immic fossils nn the btid owed rhptf cjrist- 
ence to Noali’s Rtajd, Mitch later, as the successive lock sv^tems were dis- 
tinguhhed the subdivision of geologic time into concspojiding {imods was 
a mtucal and necessary' devetopiiicnt. Oiiginally fuJnVid had uo particular 
signi£canee beyond its comuion mdcfijiitje dictionais' meaning and other 
words such as epoch, era. (ime, gjid agi- were aUo loosely aud iiidhcmni' 
nately used, GcHdiially. however, and period acqiiued tnort restricted 

teelitiical meanings and becime rnorc closely linked, rinally, the relations 
now [ccogniircd by geologists were established and conespoiiding systems 
and periods weic ideotified by the same formal praper names. 

OEVELOPArtENT OF CLASSIFICATION 

As field studies ttsTiUed in tiie pmgTEssive sitbdjvuion of tuck units and 
advances in paleontology permitted nufic prtdisc correlations, the need for a 
graduated stratigtapbie classilicitiun became pnssing Slowly, and mainly 
by custom of usage, some terms gamed precedence ovir rjilieit, Tims in the 
latter part of the nmeteenth century a mics came to be recognized as 3 sub¬ 
division tjf a system and a formotion came to be accepted, m America at 
least, as the basic stratigraphic inut wbidi, when cirmbiiied with otlien. be- 
Lumc part of a grouft. lliese were ill rock terms but, ttLsofar as rock limts 
were coHsideied to represent cctiaro parts of geologic time, they were eni 
ployed as tiuie-TOci Icrmv also. At this staec little if any distmctioo was made 
bet ivceii rock and rim c-Tock terms. 

Older Ciijiifiilicijtion 

SimulLuieniisEy W'itli standardizutiou r>f rock-unit classes, eptxh came into 
use as a time term ctmespemding to any track rmit jnborduratc to systjeiii, and 
era vnu employed as a more inctusisTe time term comprising several periods. 
A few other terms gained less gentTul acceptance. Until abijut 194 (] 
Aiiiencan stratigraphers recognized a dual cta.SLsification of time and rock 
units, as show'n in 'Table IT 


TabIe IX Twfifnld CiiitiifijcHtiuil of 
Tiinr and KncX Dn-iimm 
tlccogowd hbm^ t'>40 


Time tUvzfknii 

ho\ik ITiviiiom 

Era 


PfTnrWl 

Sywrra 

EptPcL 

Snisi. 


Crd4j|) 

EpuJs 

Fnrmfllkm 

Mcffsbef 
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Modem Cl^ification 

Incica^cd stmtigraphic atid palcoiitologic trwm'ledge e^eptually demon- 
utratcd Hiat some weU-cstahUshed rock nnits do not n'en-where lepresent 
t:\oi approximately uiufoioi tiitert-aJs of time. 'Hiis is particuljirly the case 
in areas where fonnations or groups cvliibit noteworthv lateml lithi!logic 
change^. Consetjueilly such fotmatjoiii: 01 gimips aie iitit time-iock uiiiti 
and thdf prcdoin cons ideal I'oti as such liad resulted in iroptirtanl iiiJiecuTB" 
dcsof windation. 

Tliis sihiatiijn first becume tilraily apparent iti New York and Peiiiisyhu- 
nia where a great delta was built m late Devonian time. As the delta ex¬ 
tended farther and iarlher wtslward a success con of different sedimentiirv' 
environments gmdiially moved in that direction. Tlicy are represented by 
stnkingly different types of rock (see Figure HOl. In nrdei to clarify these 
telatitms stmic geologists advoatwl the abaiidoiiuient nf the old fimc-tians- 
grcssmg formations or groups, In place of these lithologie units they at- 
tempted to diEerentiate j larger number of tnoic or less local stratigraphie 
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Figuf* 15^, Dtngrain ihqwlng tlw) TlrTW-tlvnigmiing ralDtiant at Upper Dvvonitin Strotp 
la Catikil) detla. Thu figure llluitrafH tKa flunarol liiliologic chorpctcn ot lirara do- 
pouted timultanepuily ip uvetol MPM lltflt grodudlr [hjFt«d Weatwprd. It doK not md<- 
cale Ihtt ralaliwe tttietneisBj of diM if rota ut diffenof gosgroptilc Ibcniitiot itontpor* 
Figure l¥Z. p. 502). lAtfBr AiJiJey, IWS, BoH. Am. Aaoc. PuhmJEEun GeaJ., yoI. Si p 422 




















































































































































4i 8 STRATTGRAPHIC PRINCIFLES AND P!L\CTrCE 

units that were fntemied iK> be both locfc and tnne-incik imitSH Thrir efforts 
lestilted in many diingreements otm details and by shifting atteiitkin away 
Ifom the mcme gencml shatigr^phii: idadnnshLps ihey did little to iDipTOve 
imdeistanding of the gealogy in that region. 

EJsewhefe the realizatiDii that rock miUs. ^ generally iiiidcratcjodp aie 
likely to be mconsuteDt when view^cd in terms of time vw'as verv sluvs^ m com- 
ing- The confusion in some areas has been sciioiis, and failure to dktiiiguish 
dearly between rack imiis and time mck unih still pmists in ihc thinking 
of name stiatigTapliefS:. 

Operations tn the Califotuui oil fields and itudies of Tertiary sediments 
elsewhere in that state again focused attention on the stratigraphic complh 
cations arising from mpid -ml important lateral titlioUiigic cliangcs Thick 
sediments thut accumubted m sevm! more oi less sef^mte Imins liad been 
subdivided ia the tisua! way into lithologic iiaii$ whose rebtinns to each 
other proved to be nrcgtilar. Wli^n fauna] isnnc$ were (meed thev w^ere 
found to cross some fotmatton boimtlarics. it became appirreuL therefore* 
that these forouition urt not time planes or uncunfonnkies, as some 

had been mterpteted* but tucio boimdarie^ that liad shifted bterallv with the 
passage of time. In GdiftimifiK howevcj, no atteiji|it was made to substihite 
new^ rrek units for old Jii^jtod a new strahgraphic inbdivision wai 

w'^orked out based on cliangcs m the fossil faunas ami wiLhuut to lith¬ 

ologic thanictcrs. Dius a biostratigiuphic classifieatiun was dc\ tlcipcd rridt- 
pendart of but parallel to the Etiialogic classification. Compiirificm of the 
lltholiigic units with biostEatigraphic tinih, wditch wen? considered to ap- 
piDTiunatc time units dosdy, plainly TCi'Cilcd the variable time vatues of the 
rock iinih. 

Careful anahiris of these rektioni inclicated the importance of making 
clear distinction betw een rock units and time rock unib. which arc based on 
quite different methods of subdivisiQ!]. To slmw tljesc rcLiUons, the j^hree- 
fold classiGc-aHon of Table H w^as devclopetj and is now generally iixog- 
nized. 


Tabu 14. Thf Mmlem ThuccfeJ^i CbwiGcatkm aC Gci> 
logii: Trnirt Tntir-RtKifc, and Rntk; Ullitl 


Time tJiihi 
Otmj 

Hrac-R«k Uniia 
CArrunnhJ^ 

Uftlta 

l‘£ctTi) 



Etb 

f5«|TEcm:iel 


Poiod 

%ium 


Rpgch 

Bcnn 



Staprr 

Gfenjp 



FormaigHH 


(ZCTQC) 

Meinbcr 

iBd^ 
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111 is clrwsificaLion is not complete. Several obvious pigeonhole nol 
provideJ with distincth't name. TJicir lade, hmvever^ ifi.dii::ates tliat there is 
little need for them. Terms cncl-osed in pamiLheses ore cornpaiubvelv little 
used or rexpiire special exp lanation« Group was ouce tcconimended &$ a time- 
rock tenn corresponding Lo hut it has persisted as a rock term and now is 
generally so recognized, 

RELATIONS OF STRATIGRAPHIC UNITS 

Time and time-rock miiis are cooedmate and directly comparable. For 
each time unit there is a thiie-rock unit and vice versa ulihuiigh all of ihcro 
are not idenrifled by distuictive names. Time tmits g?eneraJJy are defined hy 
prticnlaT rock units as the latter aie recognised at theic tj pe localities or in 
dieir type areas. Al these places tlie rock units arc time-rock units also. filsC' 
where the time-tock units arc firoitct] by boundaries ctitrcspanding to the 
time planer tliiii bound the rock units at thdr Ej'pe localities. "JTie time 
phnci do not necessarily CPnespond with the litholcigk- bnondarics of the 
rock unitis ut odicr places. Together time and time-rock units provide a sjTr- 
tern of reference frames to which rock units aic compared and by which tliev 
are correlated. 

Tlie larger liiue-rock units* systems md series, are represented bv definite 
lOtk If lilts at thcii type localities btd not necessarily elsewhere. Boundori^ 
of tlic rock units anil I lie ctirrcspoiiding time-rock units may diverge when 
they are traced outward awHv hum the h"pe localities because the boundaries 
of rock units are likely to vary in time value from place to place. The smaller 
time-iock uidts, pftfges, sifbsfngesp and possibly jonei^, may or tmy not be 
similarly related to definite rock units. Many al them an: duffined by paleon- 
tologic cliaraclers rather than by reference to any recognized rock unit. 
Tlicsc arc in part biostiatigraphic units. 

No direct comparisQu can be made between tlic vuriuus classes ai rock 
units and the classes of Ltme-rtwi units. A rock group may be more m lesji 
equivalent locally, in terms of included strata or reprewrnted tune, to any 
nue uf iliclHr|;CT classes of time^TOck uiiits- likewise a time-roek ffftige may be 
moFtuT Ics equivalent locally to any but tiie smaller classes of lock units. 
Tire febtions of actual rock and tirnc-mck imits at any pboc depend upon 
[1] itjcal IJtbologic development which gcncrdlly is the basis of rock-unit 
classification, and (2] the locally recognized time dasslficatiou^ whkh is 
ba.^itd on stratigrapliy at the more or less distant h^e loealrties of appropri¬ 
ate time'roLk units and correction with the lucal stratigraphic section Rcb- 
lions between rock and rimc-rock units are not necessarily couitont and they 
are likely to v^ry from place to place. 

Fossih rather than lithology are basis foi the nccognitioii of biostrati- 
graphic miits, which fHuvide an important connecting link between rcKrk 
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units and time-Ttick units. Biostratigrapluc units, like rock nmU, are objec¬ 
tive, They aie not dcBnCt] by time but they furnish Lime limitations [nr tlic 
rock units llial contain them, Tlie rclatious of biosttafigrapluc units arc not 
shtnvn In Tabic 14 because these units ate soureuJiat vambic in r^atuTC and 
cannot be arranged in any formal ela^sificatjoit. 

The suggestion has been mside ttuit stratigraphic clas^ificatioa should be 
extended to include another catcgcuy* This would consist of roci-time 
units, tcmied geoebrons, concsptmding tu nx:k units just as time units cor 
fi!Spond to time-rock units. The formal recognition of units of this UmJ al 
most certainly would be couhtsing and appears to be inadvisitik. Such unit!* 
viould he of mine ot less surmblc time value or they vvouJtl tje indchnitc hc^ 
cause of incumlaut boundaries. If reference to ^uch uuih desired the in 
definite and infoniuil term time can be appended to the geographic proper 
TiaiTie of a rock Unit. 

Stutigraphcrs luive not yet ccimpletely freed tliemscivcs from old confu- 
aiojis related to the fadure to make clear distinction between rock and tmie- 
rock units. Rock tuiits are the ones that are stadied in tlic field and mapped. 
They generally ate distiiiguiiihcd r>n Ihc basis of then pbj'sical characters but 
the notion still persists to some otteni that thej^ sliould be HmE-rock iinit^ 
also, T\\h view is unpractical and has been the cause of considerable nn- 
neecTfsary dirhculty. Paleontokigistj- and ^trarigrapheis with strong paleonto- 
logic mfCTcsts Imvca pitiaikr weaknesji m this respect. 

ROCK UNITS 

No absolute dishiiction can be made between a group, a foruiatiun, and a 
us ember beta use die dtHerenccs arc esnU rckhvc. A group conrist.t of two or 
iiion: forma til iTis, and a formation uiay be mbdi^ided hito niEmbcts. Tl^c 
terms kufil and fungus aho have liccii u^^cd for siibordiniite parts of forma- 
Hons. Hiey um lutnibers of particukr geumetj-k form. Ordinarily the three 
dimensional mbtiGns of minor TOtk nuiis are no!: known well enough to jus¬ 
tify the vise of such descriptive terms although tiingiie may lie convdueiu 
to express relationships where contrasting sedimentary facies in degrade [see 
Cluiptcr 14 L With dccTOshig rank, roclk units become both tess indusive 
and gcmcrallv thinner hut they also are likely to be more InrniOgencOUir lifh- 
ologicylK. 

tn difffinnit arass m )U the same area ui different times the same fwxjucjice 
of strata may Ik dcsigtiatcd a group* a foimurionp or a mcrahet. As more dc^ 
tailed slTLifigraphtc studies arc Cfimpktiid* more and thirmcr tuck units gen- 
enillv arc rietognized. Old units :inc ^ultdividcd to fottn nw ones. Thus a 
unit oiigiiifllly cnmidcTcd a forrnatioii may become a gmnp mid be subdi¬ 
vided into new consfitnent fonniitioiis* or a member may become a forma¬ 
tion and new niorc restricted merabei^ may be distinguished within iL Ui* 
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t(]r\ «)f the classificatiofj at the Madison Lmiestone fXtiwJ m llie notthem 
Rocky Moud tains provides J gr>od acample rsee Figure 16D), lliis rod£ uiiih 
coiisistiiig til Oiiet Imiestoue 
that outcrops pronibicntly \B99 

tin many of tJic mountaifi 
flanks, was oiigmally described 
and mapped a forma fion. 

Later it was divided mtn mcm^ 
bers and then in certain aix*as 
into formati£Fns+ w-hieh were 
provided with new namei. 

Thii^ Llie Madisiin Lime- 
steme has beeomi: u group jii 
some areas altliongh it is still 
considered a formation else- 
wherre. 


LodgepaEe 

Ls 


Formotions 

llie formatinn is the fnn- 
ilaiiLCiita] mck unit of stiaHg' 
nipliy^ Its TteognitiDii goes 
back to the time of Fuchsd 
Mild ^^^emcr, w!io defined 


Figure 160 . The Madtioit iTme^tone TMia.! 
of fha fiOrThBfn Racky Mountabm hoi b#Bn rar- 
ridulfy Lubdivldjcd \r\ lOnm Dreroi^ bu1 rhe appEi- 
catEon oF ihh nsnni hcj npl rvEtrEEited ond 

iti mcDniri^ Has rtOl b=een changsd. In iom^ arfros 
ih* ikfbdivnEoni are conipdered Ip b« irttmbBn 
pt Nil! ForinDtien. In athon thB>f lifted 
fpimptipni end \hm Ii d qrtrup. Thit ih 

luftroEei lb* #E±«n^^al limNofl^ uf all rock tlmfh 
graphk: inifti whnje ronkiny h anfy reloNv*. 


each formation lithologicjilly Ufe p. -blS i, E«iy in the nineteenth ceiitnry 
von f lumboldh one of Wemefs Khicleuts^. v^TOtc, 'Tlie wuni {virnutioj} de¬ 
notes an assemblage of mineml masses so mtiniatdv coimcttwl that it is snp- 
po'itti tiicy were fomiecl at the same qnmli and they pTcsent, in the most 
distant parts of tlie eaitlj, the same ^eneial ttfatitms, botti of composition 
mid rtf situiilion, with lespcct to each other" Tliis statefnent is not consid¬ 
ered inappropriate today by many shati^apheis escept for the belief that 
fomiations have uiitversat cutent. 

The word formirtion tii its original and still conmion general meaning is a 
Houii of action implying origin. As applied to rkSs it eames the idci of suni* 
lac origin and, ilierefore. similar character. Manv geologic definittons of fm- 
mation have etnphasm'd this idea. A committee of the Internationa! Geo- 
logiral Gor^ros in 1882 expressed the opinion that “the svoitl fomiatkni 
enbfii the idea ofgcnsis and not that of time." Shortlv after the founding 
of tire Umted States Geological Survey a system 0 / principles iva$ drawn np 
to guide the stmtigraphic work and geologic mapping of iJml orgaiiLmtinn. 
TIjcv provide that a formatiun is a *’striictuial'' hut not a rime unit of car¬ 
tography discriminated primarily on the biisis of its lithologic nature. 

nte soolled .American Stratigraphic Code ptiWished in 1935 by a com¬ 
mittee lepresenting the Association of American State Crxilogritsl United 
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States Ceotogica) Survcry, Geological Society of Americo, and American As- 
socation ol Pctmlcum Geologists states. ""A formation is considered as a 
gcrictic unit formed Under essentially iinfform coiidiUom or imder an al- 
teniatjon of conditions” and it is not necessaiily '"of predsdy the same age 
ut diffCTtmt Jocalities. and there may be marked dificrtnccs in age fioin place 
to place/' This is the view still held by most jAtnerican stEatigraphers. 

Tlie present Amaicati Stiatigfaphit CommESsion has stated that the 
^"concepts of geologic time-spaas properly pby no prt in differentia ting m 
dctcEmiinng the boimdaries oI any rock unit” and "the definition of rock 
units should be independent of time concept!:/' 

In aceofdance with Uie foregoing and other stateiiicnts and definitions, 
the term fomuthn embodies in varying degrees the followuig five ideas, 
which are not necessarily cotupatible: (]) similatiLy of lithologic cermpost 
tion, (Z) smiilaritj of genesis fVj jimibrity of vertical relations to other 
formatioris, (d) simiiarity of time of deposition, and (5) practicality in 
mappings 

^he emphasis on genesis, so conspicnons in the past, b Llicorctically at 
tractive but it is misleading. Very few formatioiis actuallv have been db- 
criminated because of differences in origin accept indirectly inwifar dif¬ 
ferences in composition indicate differenca in origin^ Emphasis on genesis 
is impractical becausj^ it does not tninish a .witmd basis for a pmnair strati¬ 
graphic cbssiGcation of factual data. A genetic classifiestion requira inter¬ 
pretation of facts. Interpretations are likdy to be mistaken and arc almost 
certain to be disputed or to change. 'Ilicreforci a genetic classificatiori b 
practically sure to be unstsbie. Constdccation of genesis is important and 
should not be ignored but genesis does not furnish a satisfactory hash for 
the definition of formations. 

DiiSrriniinfirfion 0/ Forni^rfioni 

Every gcv>3ogk forruation was ortgitially dbcrimiiiated because someone 
believed it to he a convenient or significant rock unit for description, map 
ping, corrrktionr m interpretation, If other geologists shared thb opinion^ 
the hirmatipn gained more or less wide recogrurion. If not, it generally wa$ 
ignored and may have been quickly and completely forgot ten. The actual 
reasons that mobvu ted the disciimination of individual fotmatious have 
been cibetndy varied. Among other factors, the nature of ihe formation 
reeognked and Ihc boundaries selected for tt have depended upon the fob 
lowing: 

L Kind of geologic work being done. A rcconnabiauee study probably 
would rsult in thicker and more gemrtuiizcd foimatiorn than would studies 
involving more defaited work. 

2. Scak of mappingi Large-scale mapping would penuil: the recogiiirioo 
of tfainner and more numerous formations^ 
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1. Topography &f mapped area. Mountainous lehef piohsibJy WTDuJd le- 
qujTC tilt recognidon of tliicter aitd feu-icr forroations. 

4, Geologic envuonmeut. MoiiotonoiiJ scdloioits as in a geo^ynelma! tt- 
gitm would be less readily divisible into thm fonimtioiis than fliose of a pJat- 
h^rni area. 

Adequflcj^ of outcrops. Many and good outcrops provide a basis for 
better and more detaltcd dfecrimination of forma tiom. 

6. Purpose of invesligation. Direction of attention to economic or struc¬ 
tural problems or Co gericraf geologic liisbciiy. and $0 forth, would mfloence 
both the types of fonnations reoc^noced and the kinds of boundaries se¬ 
lected to separate tbenu 

Z Chief Enteriests of geologist. Paleontologic, sedimcritoSogn:; or other 
interests would exert much the same type of influence as the last 
£, Training and habits of geologist. Background and pre^iotts eiperience 
would infiuence later practice. 

TJic association and joming together of strati in formatiom or other rock 
units imparts some degree of individuality tq these units and implies that 
more or less important differcncts distkigiiidi than frum others, llie pir- 
hcidar characters providiitg formations with individiiality cannot^ however, 
be specified in any way. First and b^t a great mricty of Aaiacteis has been 
employed to define formations or to distrngmsh them from meb other. 
Among them art : 

A. Cammon geologic features 

1, Lithologiq characters 

2 , Vertical continuity' of dcpoiitim] 

> lateral contmuity of similar strata 
4- linconfnrmahle contacts or iitlu3~ boundniies 

5. Abrupt changes in Uthology 

6. Sequential rekdnm to other fornmHons 

7. Prince and persistence of key beds 

8. Cjchc lepditinu of strata 

B. Alass piopeities 

9. Chemical curapqsitipn 

10 . Mincialogic composition 

C. Cuntalocd pcculijrjtfes 
IL Charack'iistic fossils 

12. Fchble$, ootiTes. chert concictionSv etc, 
n. DirECtion of crorss'bedding^ ripple marks,, join Is 
H. SiK and type of graniilar constiliiaitS 
1 f . Heavy mmrrats 

16. Varieties of day minerah 

1 7. Irtsoluble residues 

18. Trace dementi. 

J9. Concotfraticn and chemistry qf brines 
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D. Physk;al prcjpertio 
20- CdlcFf 

2L Dcgftc of cofistkliiiatioD 
22, R&Ulrmce to wj!afhetiiig and erdsion 
Z^, TopdgigpLic cjtpressfen 
Nature nf lesidual soil 
ZS Forositi: and pfrmeahilitv 
26. Electric: properlia 
27- MtaEiietic properties 
2^. 'rrmSTnisston n( sdsmic W3%es 
29. Radioactivity’ 

5D* ThennijIiiiiiinaiCence 

E, Intcipictjitivc disriuctioTis 
51. Cencsb 

?2. Age and time vraliie 

Tliese diameters ane not of ctpi^l mitre. Not all of them Iiavc been ern 
ployed tn the definition of fonnatidns but all have been used for correbtiorj 
jiii therefore, for the ideiitifimtiDTi of formations, Al! eicept the diairacters 
df mtegoij E, iiitcrpietativc distinctions, are ubfeetive and less likely fo l>e 
subject fik diffcrcuccs of opinion than aie the inttrprelarivc ones, Cnnsc 
qucully, thex' provide better bases for a iiseM and tabic classificatioi] of for 
mEittons iind utiict rock unih. 

Proef xC4if rorniiit Kinjt 

Lorig-standiTig emphasis by the Uniled States Gcoh^cal Survey on the 
practieni nahirc of fomutionSp based primarily on lithologic clmmclcn^ has 
strongly infincnceti Aiucricaii itiatigraphic pnictict:. This appears tn be one 
of the prmdpal reasons for the idaLive precjccupatirm of most fVnjcnean ge¬ 
ologists viith TDck anit^ and particubrly with foimations. In the United 
States, forrnalions are commonly correlated from place to place other 
formatimis mthci than with a standard time-foek sequence. EifTopiam gerdo 
on the olhct liani generally regard formuLiotis as more local and Ita.v 
impOTtait iunti.Tliu& Ihcy ate more likdy to make cmrelatioiLv directiv with 
the tmic-focL sequence, Tliese difFeient attitudes are lud entiidy incompati- 
bk. Each possesses virtues ar well as dbadiTintages, Americiiiij pnacfice may 
not make dwtincticm between mck and limc-rtick iiniH m oin inu^ as is desir¬ 
able, Nevertheless it is pmctical and well adapted to geobgk invcitigoticms 
in ;i large country' which exhibits almcwt endless variation in Incal slmti- 
graphic development and TCbtiOnf, 

[ il‘<* many other CErmnioo ertneepts^ she formation e^niMSt be defined in ^ 
way that will fcitisfy cvmouc- At present mmy geoltigist^ cousidcf a forma¬ 
tion to be, most rixuply. a indpfMbh rvck unit Tlsiii is not a real definitioii be¬ 
cause it tdh nothing aboiIL ihe formatinn. It i$ tevcaliiig, liowcvct^bceau;^ it 
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Implies a pratticiil ijimlih' t'Orisidercd by mmi ArntTicari stratigraplieis to tit 
important. 

In order to be pmctical* a fomiation shmild be identifiiible 2iid tlisLngiiiSib:- 
abte from adjacent fonnations by virtue of reasonably obAsoiis cbuiaclers fhat 
can be tecogni^ed by' any com potent geologist. Most eomnioiily, gtos^ Htho- 
logic diiiiacters are lelietl upon altbougb there are numeroiiB exceptiom, Tlie 
idea) foniration consist® of a single distinctive kind of rock sfL^rpiv set off 
f rom tliffereril but etittady distinctive rocks hoUi a bove and bo loft-. The black 
Cliattiiiiooga Sliiile i Dev.-Miss. i and its equivakrits tri nnidi of the central 
United States is an almost perfect fomiation of tJiis kind 

Formathfi Bvtmdiifics 

'Hie most desirable formation boundaw isau ujiconfomiify that records an 
iujpjrtajit and u id {Spread break in sc'diinentary deposition. Tlic separatum 
ofstmta of distinctively different liliiologic types by sncJi an irnconfoiiutty* 
in conihinatioij with a more or less une^■en con tael Mirfacc, makes rccog- 
nitinn skitTp tmd clear. This is by no means a common sitnalum. Some un¬ 
conformities that are cotisideied to bt important, like that bd^-ecn the Stc. 
Geiie\ ievc and Kenault Imsestones f j in the lower Ohio Rivet l allcyv 
may be incotispicuoiL^ and difficult to locate I?ccaii¥Le adiiicent strata arc very 
simibt litljologicany. On Hie other tiand. some (ocallv proiiiineiit uncpii- 
formitieSr such as musl: gf thn^c in the coa! bearing pnrtions of the FennsyT 
System, art discontinuous and reSatirdy imimpcrrtatu iii terms of 
time Tlicy may Iw ignored in fawrof other types of con tacts. 

Most frirmutiinis consist of a V'aTicty of strata. One type may dOTnfnate^ or 
there may be a cbaTacterisfic hetemgeneity' or canibinatioii id lithologic 
t^-pcs. If such formations arc sharply limited atx?ve and heJnssv thCT are at 
most as practical as lithulogically Jiomogtneous fomiatJODs. Many, however, 
grade into each other thioiigli a transitional zone where nt> sharp bimudury 
can be drjivn. Hie St, Louis and Sk*. Genevieve liiiiestoiics (Miss.) of the 
lower Ohio \'alle; arc trarisitiona]. riieir fxiimdary is Indefinite jnd nuy be 
drawn at diflezcjiL levels liy diSerent persons. If it 13 pkectl below tlie Icmxsf 
ijcenrreiice of oolite, which is considered to be a cliarat lc™fic reaturt* of the 
Stc. Genevieve, the houiidaty is nol likely to be the i£aiue as if tt w^eie located 
above the highest layer of subfirbograplnc liinestotie, whicli is coiisidtred to 
bccharjctenstic of tlic SL Louis. 

In sequences of tinted sedirneiiUn rocks, homiditrici mav be cstHhlished 
at kev strata 01 meinbers. Hie Chilhouet Group » L. Camh. \ tjf cwistcm Tctn 
neiscc cohsisfs of three tnrnvirifiual fonnahom dcscnborl as lacing iharactcr- 
tted by arkfwitcongluincTatc bchm, sIujIc in tin: middle, and qitart7itc above, 
ntbiled fidd wffrU has sbonm, howmrr. that formations of these tv-pes aic 
not Tcadily distinguishable because nf both vertical and fateraJ lithologic 
changes. In some areas the fonnarioii bounddnes are now determined Lv two 
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ridge-formliig qunrtzite mcmbm viitlmut regard Id Dthei lilhologrc diacac* 
ten. 

Key beds have heen employed to subdivide some thick IietcTogeneous se- 
qnaittii iiitD griJiTps or fumiatjons Laving few if any distinctive lithologic 
diffcicnccs. For caantple, coal beds luvc been chosen as hoimdarics within 
the Pennsylvanian System in llltiiois, Indiana, Ohio, and elsewhere. [Tie se- 
kebon of coals as key beds tcBccts, in part at Isst, the ccomnnic aspects of 
much Pennsyhuiiian stmtigrapbic work in those states. Samenhat similarly, 
limcstDiief liave been utili/jcd in Nebraska, Kaijsiis, and iioithem Oklahom:i 
and sundstDiies in southern Oklahonia and parts of the Appalachian region 
because strala of these kinds ouberop tiiost commonly and are relatively casiJv 
tiaced from place to place. 

Transitional formatnms and formations bounded by key beds ate less salts' 
factory than morn sharply eonimstcd lithologic untti or those dial are sepa¬ 
rated by pmlstcnt uncoiifotmiUr^. The Tecognftirjri of ttajisitioml forma- 
tiom is neccssai)-, however, to reduce some thick stinbgrjphic icqiicnces to 
units of tiitcful magnitude. 

FerffiOnfofpgKT Fortxui/foiw 

Some well-estahlrehed formations are identified by indeir fossils with more 
or less disregard of lithologic characters. Such fossils gcnemlly are consid¬ 
ered to iniply time equivalence but they do nut prove it because these organ 
isms mav liavc fthllowed a favorable huf restrictive environment that shifted 
in geographic pwition with the passage of time. An esample of a fotmation 
whose palcantnlogic features are paiticnlarly important is the St. Louis Liiiic. 
stone < \ I as iinw restricted, W'bicii includes the so-callcd Li/ftosfrofiori 
cone from Ablutita to Iowa. Except in Iowa, where shale is present, the St. 
Loirh consists abnost exclusively of somewhat clierty limestone. It lies in lire 
midst of a more inclusive limestone sequence g-nd its limits are ^'iity rarely 
sharp or clear, IkrtindaTies commonly ate placed at zonet of mther .subtle lith' 
ologic charige tlial arc of diSeieut character in differeut areas. Tlicse arc be- 
lieved, however, to be fairly cousistent with respect (o time, and thus the St. 
Louis Limesteme is much more nearly a time-roct unit tbim it is a distinct 
lithologic fo tma tiou. 

Some fotmaHons luive always had a strictly pakontologic basis. Since the 
days of the eatliest collectrirs^ the neighbotlioods of Burfington and Keokuk, 
lo«a, have been famous for thefr fossil crinoids. Although closely related, the 
species found at these places arc nut the same and some difiereiices in the 
other fossils also have been noteif. The Btidingtim and Keokuk limestones 
I MisS-l arc defined by tlicsc faunas but slight differences in lithologic cliar- 
acters serve to difierciitbtc them in their type areas and in nearby parts of It- 
Lriois and Missoliii. liJsewheje. onmpuniblc lithologic diEcreut^don is not 
possible and fosstb are neither so abundant nor so well preserved. Couse^ 
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quently thc^ formiitiDns coimot be disilngiii^ed clearly although loc^J fam- 
im obsen ol here and there sen^e to identify the tension of zoucs believed 
to he of Burlington and Keokuk ages in a thietet limestone sequence known 
hy other unmes. 

Tj m^-Trunsgrcssi ve Fortn^itiarts 

Most definitions state tJi4t uniform time value is not Uic most important 
attribute of a formation, and mo^t stmtigraphen recognize that a formation 
need not be of exactly the same age e\^ery^here. Many fonnations ate 
bounded above by erosional unconformities at which variable thicknesses of 
fomierly exisbiig strata have been destroyed and removed, leaving rmmants 
representing difleteiit ^pam of time from place to place. Abo inequalities at 
underlying lui conform itrei, paiiicnlarly those uivolvitig the gradual on lap¬ 
ping of strata related to marini: transgressioiu create iuaqnalities in ihc time 
v'alue nf formations as they are developed in difFerenf areas. More important:* 
hfjw^ev'er, ait tlie rebtions occasioned by lithologic changes rerj:ultnjg frain 
the bteral shifting of depo&iticmal euvitonment:^ within sedimetitan^ basins. 



Gflnfiralized MClPan thOwEHig itrsligcnphrc: r^latiiani of Ihs Imnagraiiiilvfi 
St. S[ZiiditOrt«' lOrd.l 1^0 adjacaiV hirmalhofii in ikm upper Miuankppi VqlF^y. SF. 
Pfitr ovulapi rilit trunzafvd tdqn fif aldsr ForrnDlkTnii tiPiC^Fonafibly and it QtfrO 
pfflgresiively youngcir Oi it ii froexd norrhwardi, Al Wild wei departed in iht 
ptrri af th* fldHmciiTg md, iedimapiU of differ enF charv£t«r lirtlultaneouiJ^ atCurtTulolH Lfl 
the daep€r afl^hare area. Jh*m wdimentt QW fAcagnifad as. conilrtyrinp otti*r 
dkdingulEhBd LirhaiogicciMy from th* Si. P««r. 

A fcA'wcD-stiiblubcd foirmtifjnj iippear to tnnsgies time planes or time 
umes nitire at less notabi)-. An ciccllent CTomple is [he St. Peter SaJidstonc 
(Onl,) rtf the upper Mississippi \*3riej', whose variable time value is «.*l.ited 
to Ixith onlap anti lithologic change (see pjgure 161 1 . ITiis lotmatioti svas 
deposited in ihc shorcvi'ord shallow part of a tra.Ds^e$sntg sea that gradually 
spread northwajrd. It is a cmrtiniiaijs lithologic unit easily identified by re- 
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rnaitably oni^oni] tliBrarters. Deposition to the south. j \5 it pTOgitsscd 

northward, dHTeicnt types uf sediineiil wcie laid dow'n eciuieiiipdnuiconsly 
in deeper water of the ofishote zone, llicse hare been distinguished as rtun 
other ^rmations that overlie the St. Peter Sandstone to tire sooth but are 
equivalent to it in agent parts of its narthem range. 

The tnne-tiansgiessive nature of [onnations like the St, Peter Sandstone 
generaJly is not obvious. Kebtions of this type, however, arc to be expected 
for many lithologic units whose deposibon w'as related to near-shore or ^hal- 
loiv-water couditiotis iii eithet tiansgressivx m regress ice seas. TrarngnTssive 
dqxBits are more likely to be preserved than are regressivc oiiis because ol 
die protective cover erf rerticEiUy continufHis later stdimEnfs. Most exten- 
shely dcv^elopcd marine sandstones probably ore transgicssii-e formations, 

Tinie-trausgressive and -regressive formations, more than most others, arc 
likely to he gt>od examples of true genetic units whose loci ot accuniulatjon 
at any time were determined bv restricted phviical cnvnitinmentaJ condftiems, 
Bv virtue of similarity in both lithologic charjcter and genesis, sucli fotma- 
tiom meet two of the commonly recognized rfqiiirenicnts of a fonnation, 

Tlie abiiiidnnrocnt of several formerly reengniaed fimnatjonjt or gioirps 
thiit rtansgrets tinn: demonstrates the persistent failure of some stratigraphcis 
til concede that fonnatiimv, or other rock uniLs, need not necessanlv be tmre- 
rwk units sbo. One nf the best examples is himished by the L’pjxt Devo¬ 
nian deposits ot New York and Pennsv'lvania in the fainons CaLskili delta re^ 
gioii (see 1 igures 159, p, 417, and 192. p. 502). 'Diere early geologists 
mapped four thick fomiatjuns tliat were distinguished litliologically and fju- 
nath. from the Ixise upward they consist of (1 i black shnk, f]|) greenish 
shale auti sandstone, i >l gtay saudstoiic and ihiilc, and (di rid beds. These 
arc ii!JW' known to be regressive iltpnsib marking coiuentrit. environmental 
zones w'heie sediments acemnulatTd timultnneriiisly The trd beds, or Cats- 
kill FomutioTi, arc the deposits of a low alluvia] faij cm The eastern Or lanci- 
ward side of the slitirelmc. The other fnrmatitHis an: marine and liiark zones 
nf incTcnsinglv deep wwlti to the west As the delta grew', the shoreline moved 
westsva rd and each xoiie, diaiucterized by its own particular type of sediment 
and fauna, mos'ed westward with it. 

bach ol these formations becomes progrcssivdr voungcr westward Tlicv 
differ from the St, Peter Sjndstinie becjusc none «f the Iniundaries b an iin- 
confoTTnity. Tlicv' grade into och other through -«nies of lithnlc^c change 
that are indined to time plants, [lie prcstTvatioii erf slijlltiw^tatcr regressive 
Strata Ls in)l {.(jiniiioii because Ofdinaiily vtith sedititenls were soon exposed 
to emsive actitiu above water ievei and destroyed The Upper Devonian 
strata of this reginn have betn piserveil Irceaust gradual subsidence was ac¬ 
companied by diqrositifiin of an expanding alluvial fan. Deposition exceeded 
subsidence, w lmb aceonnls for the regressnx: relations ot the lithologic units 
Isce Tiguie IQOA. p, 500). 
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In eastern Pennsjlvania the red beds began to accimiulate m Middle I3c- 
vonian hme. Slowly this enviroiiDient moved westward until, sevxnal million 
years later, it readied the western part of the state. Iliis important age dis- 
citpancy has been considered by some geologists to indicate that the Cats- 
till red beds constitute an improper stmtigrapliic unit. Several propcMiJs Tust 
been made to restrict the use of tins name to strata that arc equiialejil if» age 
to tbe red beds of tin; ty^jc CatskOI region. If this were done, it would leave 
the yomjECT western red beds without a dcsignatiou. Consequently, a con¬ 
siderable number of snbordmate red bed units liave been distriiguisbed and 
named at various places where tJiei' were believed to constitute diffijrent aec 
divisions of the old Catskill (see Figure 162). The other foiuiations that nn- 
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detlic the Tied beds iiave been treated in a rimilai way. As a result, the larger 
and more important stratigraphic rdatioiis of this delta reginn have been oi»- 
scuied by details that ate poorh imderitood and differently interpteteJ bv 
petsons who are best acqunmtcd w ith them. The old lithologic divisions 
main, however, and they' are still as welJ-niartcd rock units as they ever w^rc 

Time-Transtfiontif Ft^Tjiatians 

Several formitions dritiagubhed and mapped on the basis of theii titlio- 
logic characters are more or less certainly known to include strata lyme upon 
both sides of an hnpaTtant vtandard time plane. Formations of this ivpc tliat 
arc transitional across a systemic bonndiiTy introduce a problem iu davrifica- 
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tion because, as units, Uicj' atinot lie assi^ed to one paitJcEiiar system. TTicj' 
are awkward to bandle, for ciample, itt a table of fotmatlom sumtnartzmg a 
stratigraphic colnmn or in the legend of a map. Altliuugh sneb difficulties are 
apparent are not oveW importatit. ITiey only reflect the failure of ac¬ 
tual lock units m some areas to tonfomi to a mnvcntttinal chssiiii^tion 
liased on stiatigraphic relations observed in another region where the se¬ 
quence of geologic developments may liave been quite different. Neverthe¬ 
less, the desire for complete conformity and an apparently irrational faith in 
the perfection of a syslem of cbssiEcatfon, whose arbitrary qualities are im¬ 
perfectly rmderstood. have led many gccilogisb to conclude that formations 
tranritional between two systems are impniirer. Other fonnaHons crossing 
less uiipoitant lime planes may be rt^rded ainiibrly hut the} have received 
much less notice. 

Tilt name Caney Shak was given originally to a thick lithologic unit in 
OkUhoma that was htcr determined to include strata of both Mississippiao 
and reiiiisylvaaiaD ages. No distineth'c sep;iratit>n of these parts that is con- 
rfstent from place to place seems to be possible. Upper and lower divisions, 
however, came to be refened to rtspcetivcly as the 'Tcrmsylvauian Caney” 
and the "Mississippian Caney'* as though these were two formations. 
the designation Springer Sliale was adoptixl for the ripper division and the 
name Cancy wat restricted to the lower one in .vpift of tire expressed opinion 
that oulv the upper division outcTops at the Cane)' type locality. 

Tlie .^-sden Formation of Wyoming and Montana is a lithologic unit 
consisting mainly of red beds that separates lUidbnbtcd MiBstssippian and 
Pennsylvanian fonnations. The age of the .\mvdcn is disputed because its 
few fossils arc not certainly diagnostic. It has been refetTcd entirely to one 
system GT tn the other by different peraons. Tltc lower part contaim fossils at 
some localities that probably are NTississippiaii, and most geologists bebeve 
that Pennsylvanian strata are included in its upper part. The desire to sepa¬ 
rate Ihc .VmsdcD into two parts at the Mississippian Pennsyivaiiiun time 
pkue and cftoris to adjust ttomcnclatiircaccordin^y have resiiltod in much 
confusion (see Figimr 161). Thus, in Montana the proposal has been tnnde 
to lestrirt usage of the name Amsden lo the lower or A1 issiisippiau portion 
and to expuind ihc overlying Quadrant Sandstone to include the upper or 
Pennsyh'ariiiiii part of the Amsden. In Wyoming, nn the other hand, restric¬ 
tion rrf the name .Amsden to the upper, supjxi^ly Pennsylvanian, strata has 
been fe voted .ind eitpansion has been suggested of the Sacapwea Forma hem, 
which originally iudiided only juinc beds iineeTtainlr identified as iMjddIc 
MLvsLtsippian. for the underlying older poTtion. Regnrdless of hnw this piob- 
km may finjlly be decided, the original Amsden Formation remains a well- 
marked and useful rock unit- Tlie sysiemic time plane bcLci'ed to divide it 
probably never can be determined accurately. 

A blaek-sliale unit of wide cllstributiau in central North Ametka occurs be- 
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tween fossUiferous Devonian and fossaifeiniis Missijsippmn sttata. Tenned 
Chattanooga Shale at jnan)' places, it also liai a s^riety of other focal names. 
Tliis sliale h alnit»t unfossiliferaEis eicqit for different kinds of ccnodonts 
which mark three mnm. Agreement is general that the lower aone is of late 
DestJnion and the upper zone is eariy Mississippian, but the age of the 
middfe Z/one is dispnted. The middle Mnc csteuds ttmch taiiLcr to the west 
than do the others. TTie lower zone appears to wedge out in that direction 
whereas the upper one grades latemUy into diffeient types of strata, fn the 
upper Mississippi Valley and in some othcT aiEns, the middle zone succeeds 
a profound unconfortnity and overlaps, onto strata as old as Middle Ordovi* 
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cian. Maimlr because of these physical tclatiuns, the middle zone is generally 
considered to constitute the base of the Mississippian System m those area* 
In die northern Appatacliian boaht. bowevci, where nci similar unconformity 
occurs, the middle zone comnioul)' has been cefctttd to the Devonian, Ef¬ 
forts have been made to subdivide this black-shale sequence at a few places 
but the results do not seem to be particularly satm&i^iy' or very pTUCtied, 
Regardless of its age and the ooncs present hi typical lithologic devclopmetit, 
this black shale is an excellejit dutinctivc and genera lly shurplv limited rock 
unit. 

It would be cDovenient if all major time planes of the standard strutv 
graphic dassilicatinn coincided with the lithologic boimdanes of rock rniiti 
because file age assignments of formations and Ibcii cotrelaUons would be 
suuplified. Many of them do not. however, and attempts tDachim-c confurm- 
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itv hv tht: aubdivisifm of timc-haniitiotial fanjiatiQiis havt not been uni’ 
foTTiiiv sahifacton' or itcceplable. Many mch forniations axe lin^dy uulossil- 
ifeions. Evtij if fossiU do occur tbey are likely to bt Itaiisitional bctwix'n 
older ajid yuungei fauniis and. ihcreforc. indecisive. It is not reasonable to 
expect time planes to be resealecl equally cverywlicre by lithologic or faunal 
cliaitgn. Cuusttjueiilly. it rtotild be sinpriiiug if some locnlly ucn<liaracter- 
iaed frmnatioiis did not ertoa them Tlic tniijsitiaiial nature uf such fonua- 
tions does not inrpair their local usefulness oi make them less important in 
llie interpretation uf geologic hhtory il thdr true time relatiEnis hie cmicctly 
undctsto<Hl. 

CoRc/usionj 

III actnal pmetite, almost any succession of itraia disHngnished for almost 
anv reason can be designated a fotination, Rccogniacd fonnations vary from 
\ttv thick to very thin. Some, like the Fern Vak Limestone (Old.) of die 
Mississippi Valley, are so thin they cannot be mapped without evjjggeration. 
Snme arc litJhologicaily homogencoufi, like the ChatlancMga Sltale (Des.- 
Miss.L bat others coiisvst of extreme niistuns of lithologic types, like iiiniiy 
Peniisvivaman lormatioiis. Some are slimply defined by unconfomiities or 
abrupt changes in lithologic diameter; others are gradually trjns|titnial, like 
the St. Loui> and Stc. Genev'iccT limestones fMiss ). ;\]I nere orighully dis¬ 
tinguished for some reason that appeared Id be good to tlie person who first 
described and named lliem. For one purpose a tDruiation may be a logical 
and oscfiil unit and for another it may tint he. No one can surely decide for 
others tint any particulaT formatrnn is misctnistiluted. lit can jnd^ only for 
himself whether or not il ss well suited to hiS purposes, Tire tuute useful a for¬ 
ma hon pioves to be for inaiis penom. the more likely it is to win a geuemlly 
rccogrnxcd place in the iystem of ^tmtigraplnc cSassirication. 

Tire varimisly constituted fonnatioiis citireully recognised in any area are 
sariously distinct and viiiously nsefiti. Snuie are tgcli well-inarkeil litliologie 
units llijt olmcrtt any geologist would have defined them in exactly lire same 
way. Others inay be so unclear that they appear to mvt thrir recognition to 
liisfrirtcal circumstances genenrlly related tn the authoritatise opinion of 
some itiflucnLiiil person. Such forrmititins are accepted more hs' force of habit 
than by reason. 

Foriuations dcfiiiai solely by lilliotogii: cliaractcrs and others defined by 
fossils or key beds may occur in the same sttatignphic section. .Association 
cd stnne fcrnimtions that arc ncariv or tpiitc virnilai in age everywhere and 
others that arc not likely to icsirlt pi confifet and crjnfnsioti. Die apparent 
difficulties, howesEr, cxi-St rrrmtly in the tiiinds of gwlogUti who fail to tec- 
mn ii-yf rhe important riutinctions betsveen such formations and who seek to 
force all into a single pattern. If every fomuitjoii were simply a convenient 
Ittholofic uiut, i smmd and uncomplicated basis for most local geologic stud¬ 
ies svould be provided and problems of detailed loeal and more gcuCisI re- 
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gjonal cijrrekliuri tould, in khz main, be uiade the letponsibjlih of experts 
with paltuntologic tnowledge, 'I'liis h not the case, and stratigniphcis must 
make best possible use (jf many long-retfjgnized foimatiuns of different 
The fatits that tlic$c fonniifion5 have gained wjdt acceptance anij have 
IWfi used for many years are evidepce that they are not without iiiait even 
if nie}‘ are not perfect in ivav- 

Miuij problems are involved in the subdivision of a stiatigraphic section 
into its coristitttent formatiom, Xo s^t of rales eau be dravtii up that will 
overcome all difheuities. Thoughtful couxidcintioii of desirable objectives, 
however, niaj aid in avoiding many difficulties.‘Hre following pmiciples can 
be suggested: 

1. Formations should be recognized as pjraclical rock units, 

2. Very diick and very' thin formations are undesirable hut no limits as 
tti thickness shfjuid be get 

5 . Formations should, if possible, be defined by lithologic characters. 

4. Litliohigic distinctions may be supplemented hy paleontologic and 

stfutturalj, tbat b luiconfoniiuhle^ leL^tion^. 

If faunal or stractuml features take precedence over litiiologic diami:* 
Ids, tiiej ■should he uiiLusiially clear ijnd ujiequivocol. 

6. Formations should be so constituted that fficir bountlaries are ns sliarn 

and distinct Hs possible, ‘ 

/. If key beds arc employed as hrimidarics, thev should he persistent and 
easily identifiable. ' 

8. It is desirable that fomiatioris be of approximately the same age 
throughniit their extent, hut no actual or nnjilicd time limits should be set. 

9. hormjitimis should not be redefined at have then boundarief chaiwcd 
vvithout more Hum ordinaniy good reasons, and redcfinitirin should m^e 
them more disHnet and practical roct units tlian they were before, 

10, Wcl^^!stablis^l£^d formations shntild not be jhandoued even if thev 
contravene the foregoing principle* unlf3,s a tmicli clearer and more practical 
stiatigrapLic.snbdivision can lie substituted. 

Groups ond Members 

Rock units cither more or less inclusne than forniation* share mauv of 
the qualities of formations and in general (hev are cousidcred and treated 
rimiltiTly. Ideally a group consists of two nr more successive and contiguous 

fonnatjons. A foimatiori, howeicr. is not tieocssardv subdivided into mem- 
acts. 

Croups 

Recognized groups have originated m tw^s ways. Fmt, any one or more of 
the same cotLsjdciatioijs that influence the association of strata to produtc a 
fonnjition may lead to the joining of formatiou* in a group. Second, tire up- 
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grading of an old fonoation, and generally its subdivision into new and niore 
testricled foiuutions, may result in the recs^itiun of a group. Foi ptnposcs 
of distingiusliiiig between them, these types may be termed f re¬ 

sulting frtiro eombination) and (rnnhiitr (resAilting fiom sepaiatiun) groups 
respectively. 

Formations generally have been combiticrt in spitbetic groups beeaiLse of 
the dose relations of llieirlossiJs, their lltliologic similanty, or the occmrencc 
of important unoonformitie* that serve as punctuation marks m an otbei- 
wise more or less uniiitenupted stratigrapbic scxjueticc. Cmiiping on the ba¬ 
sis of fossil faunas lias fieeti most cximmon. Croirps so formed are rock uuils 
in their type anras, but if thes are traced and idcntilicd ekoshere by their fos¬ 
sils, rather than by their eonstitnent formations, they possess the quahties of 
bio&tratigmphie and perhaps thne-meV units and should be considered stages. 
The subordiiiate position of a group to a sems in the oid tu'ofotd classiEea* 
tiem deinonstratcs the uuconscienu; merging of rock and timcioek concepts 
at tlib point. Many so-called groups of the synthetic type require careful scru¬ 
tiny to detenninc whether they are proper rock units or, instcud, time-rock 
stage or substnges. 

The fonnadoru rjf an analytic group are much mote likely to share litho 
logic similarities. Tliese groups, therefore, generally are nuire distinct litho¬ 
logic units tluiii most synthetic groups and there is less possibility oJ tlicir be¬ 
ing confused witli tune-rock units. 

Some currently teragnized groups have been created by the upgrading nf 
old fomiutitiiu without subdivisjun into new subordinate fnrmatiom. *^0 
rather anonuttuus procedure iiav resutted because old r*K>fc unite were con¬ 
sidered too thick or too inclusive to be piopa modem formatidiis. Esamples 
are provided by the Poftsville. .Mlcgheny, CGueinaugh, and hicnumgahela 
divisions of tfie Pennsylvanian in the northern Appabehian region, lliesc 
unite were formations for many jicars but now they commonly are accorded 
Uie rank (tf group Or series. 

'llic eons til uait forniations of a group may change from place to place a 
different hcabnent of it* content warrants. Reasonable eontinuily, however, 
should mark its tap and |»ttom. In this w^y a group resembles a formution. 

A'JenrbtfOi 

Comparatively unimportant and more or less local rock units hichided 
within formations arc designatCf] memben. If desirable, such unite can be 
distinguished and namcti but a fotmation need not be subdivided aud most 
birtnations ace not 

A forma tiun may he suWivided in to several parts and only sonic of these, 
considered to be of partkukr interest for oiic reason nr another, be desig¬ 
nated mcmbcte, Tims, it is not necesiary for named memheis to he suceo- 
sive and contiguous, and a formation may cmisist hi greater or less part of rm- 
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diffmntmteJ and umianjcd stial;!. The Penusyhnniaii Sj-stem m the eastern 
Uiijtcd Staters containa* many cwl beds, Jimestones, and prominent sand' 
stontt that have been named and ant beat considered membets. Other mter- 
vening strata, mainly ahaI v, lemain undivided and unnamed. 

Tongues are svedge like, lithologicoJJv identi&ed itick units, that interfin- 
gcT with compjeiiientan' tongues of different Uilinlogic cbanieteT in a zone of 
lateral facies change. Hiey are in a sense membea of one formation that oc¬ 
cur ill strJtignphic SCijuence with members of atiother formation. 

LcnftZ is a little med lerui for miimr nock units or members of distinctive 
type liiat wislge out lendikc m all diiectirms. Because demikd ohserv^Uons 
of sudi minor units generally are restricted to cross sections of stmta in zones 
of outcrop, truly lenticular $lupc rarely can be detennioed. 

Beds 

'ITie smallest rock stratigraphic unit is a bed. As this word has lieen em¬ 
ployed, difficulty commonly is enconnttied in determining whether some, 
what formal or inffjmLil usage was in tended . Bed also has been used in the 
sense of zone, and in the plural it may be equivalent to meinbeT. 

eiOSTRATIGRAPHtC UNITS 

Biostratigiaphic units consist of shahi that are defined and identified soldy 
on the basis of their fussik and without respect to any litliologic chaiacteii 
Tliey are wlmlly objetfive and not dependent iiptm interpretative considera¬ 
tions Ilf thu type used to determine tire boundaries of tinre-rock uiiiis- In this 
way they are similar to rock mnits. Biostiatigraphic units differ Irnm rock 
units, liowev'er, because f I) they are not adapted to airangeniejit in a hier- 
nichical succession and (2) thcir mutual relations gencraJly an: more vjtiabJe 
and more con Ip Icic. 

Altbougli time concepts arc not directly invalvcd in tire reengnition of bio- 
itiatigrapliic units, tlie latter commonly liavt been considered to approti- 
maLe time-rodi: units cbsdy if not tt) forrespond to them exactly. For this 
reason, the inipOTtiiiit distinction tvehveen biostratigiaphic units and time- 
rtKrk units has not been emphasized sufficiently. Many persom, both stiatit 
raphers and paleontologists, have mistakenly regarded most bioslmtiGranhk 
II mts os special types of timerock. units, 

lire dependence of dme^rock units on detailed palcoutnlogic correlatioii 
mcreascs as d^eut is made in the scale from huger to smaller units because 
greater precision is roquirefl for their recognition. Thus the relations of time 
rock muts and biostratipapliit units appear to become closer, and a gradual 
nier^ng of corresj^ding cnncqits commonly occurs. At the lowest Icvd 
of tune-rock classification, y practidl distiiictiun actually ii difficult to 
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Zones 

The word JoiMT is used in gfiolog}- with a variety of nicaniiigs. In a gpo- 
graphic sense it is a relatively namjw area ot band such as the /fitic of out¬ 
crop of a dipping fomiatioa. In a strictly geologic sense it refers broadly to 
almost any totiuctive bod) of rock which is narrow in one djineimon m 
cotuparistm willi itsmiicU gtealer extent in others. Tims sheared zones occur 
along nuny faults, and contact nietamorphic ^ones are recoguizied adjacent 
to marry igneous intrusions. In stcitigTaphy this svotd is used fin strata of 
more or less restricted ihictricss which are differentiated frorrr ntheis in some 
specific way. Among Qie many knidi of zones are slmly znnes. fossil if crom 
zones, inipersioirs zones, and ferruguious zones, 

Zori^ also has been adopted as the fonnal designation of a biostratigniphic 



Hgure 1A4. ScK^^tiatic ihEjwJnf? fba of tcrmt of ^Jckdlit 

Or^ovicinn itrotigrOfahk unth m Hbw fork. iNs diloovary oi Jnr^itotiguEn^ fdc[f» 

Oity o tiru)|| numbor of li#tolo^ic fannatiom wai re<O|^jl320d. lalor rtumnrOUs luppeaedEy 
limo-rtKk vni-H WDt« hornO^ in ^ ErTfampT m olerr^ lh*H nlortiDm. Many of the umn 
cPAfiOt bfl diffef*niiar&d IllfiologHcaEly and m Edofilr^bh only by fhalp fouiU. T^ik k pfif^ 
ttcvbriy tfOO of tfiH dnrk-thol# uniH cpntBPnJftg diittnctkw gnrptalitBi- IhsAa^ 
arm btoHrollg^EiphiE: xonom. ttioy ibculd nol hmot gdaf^aplllc namoi IlikiP thois of fact Of 
tlmC'^rock uniH but should ha do&Tgnoled hy Hia namn tho1r iriost chorocterEuk ioisjls. 
tAlwr ttilwr, 1?M. I. GboI.. «e(, 64. p. 6M> fi». U 
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iinit It fint nsedcomisteutjy in this is'ay by Oppd in die mid-imicteentTi 
century for subdivisions of the fnrassic S^tem in Geniians, Since tlien bio- 
stratigraphic zones have been employed extensively in stEatigniphjc ccFncIa- 
lion. Before clear distinction ivas made between rock and finie-ioct units, 
successive zones defiiieii by fossils canmioiily svere considered to represent 
dehnite intervnU of geologic time. 

Tlieortlical mnsiderations bas e led to the recognition of 3 variety of bio- 
stratigiaphic: units, most of which are termed zones of one kind or anothei. 
Few of these units are of much practical value 111 strarigraplu except for pur¬ 
poses ot correiatioii [see Figure I 64 j. .Mso complete agreement regarding 
their telatiorjfihips lias not been reached and the nomencbtnre applied to 
lireiii is radicT ton fused. 11 le prindpal types of bjostratigniphic units that 
am be retogni/ed are |l.f range zones. { 2 ) assemblage acmes, | 3 j abun¬ 
dance zones, and ( 4 ) haifeii zones. 

Hie prewnct' of fossils m hiostmtigTapInc zones was detetmined fey 
11) local biologic environment, (2 j possibilities of inrgiatiou or intiQilijc- 
tion from other areas, iJ) local extinction, and ( 4^1 cvoliitionaiy cliange. 
Only the last has broad lime significance. In addition to these factoii, the ab¬ 
sence of characteristic zonal fossils may tiavc resulted from the dtstiutitjinn of 
the teuiaiiis of organisms. Coiiso£|i]cntly it is unlikdv tliaf many znnes of 
broad ecteiil approximate tmie-xock units as closdy as has been supposed 

flcmge Zone* 

Tlic simplest kinds of biostiatigraphic units arc range zones. 'Iliese con¬ 
sist of all beds included bctwceii the lowest and liiglicsl stiatigiaphic occur¬ 
rences of any fossil, which may be a species, genus, or some iatger taxonnmic 
group, A range ziwe tan Ire rettigiiizcd for every variety of fossil. Range 
zones generally are not successive iiiiih because almost eveiy one is ov^- 
lappK'd by i>tlict5, Also one range zone may include several other range zones 
nf lesser tlncbiess, In actual practice. htJW'ev'cr,oiilya few zaires that a re. con¬ 
sidered to be especially significant or useful are sdected for more or less for¬ 
mal recognition. Generally an effort is made to chouse iimioi-crlappiTig zones 
tint succeed each other withuut important gaps 

An obp'Ctive range /one iiuhides uo stuila at any place that tic above or 
Ireltiw tire actual total range limits of the zonal fossil. Because these limits 
are likely to luivc been controlled by envimnmcntal conditions that weir not 
tmiform from place to place, the iHnmdjries of such roues mrety coincide 
with time pirnlea. Two obiective range rones may overlap in one aiea and be 
sepaiatcd in anotlicr by strain that lielcmg to neither of them. Range zona of 
this kind generally liave been termed teibames. rJits [lujic also lijs been 
used, bow ever, in a retlricted wny for tire strata tbriuigh which a fossil ranges 
at a particular locality. In this seme a tcilzoiie has nn latemi extent and a fos¬ 
sil may luvea different teilzoiic at cvm plate where it is found. 
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A miige zone a]5i> may be tcmsidrred to comht of dll ytyate dtrptisitcd dur¬ 
ing tiie existence of the zonal organism, whether or not fossils ate present in 
the strata. A lOne of this kind has been termed A biozone. It is the only kind 
of biostratTgTaphk unit thntis necegsaidy a time-roclt unit und it possesses all 
of the subiecthe cjualitics of other tiiue-rock units. A teilzouE of the first type 
is equivalent, from place to phicc, to sonic ^'ariablt ftacHon of the corte- 
spending bnizeme as thus defined. 

As^iMiige Zones 

Assemblage zones consist of strata characterized by the occuirence of tsvo 
or more particular zonal fossils, commonly spec ess oe genera. Tlicv do not 
ncccssarilv include be^ls equU'alent ta tlie entire range of anv fossil and^ 
therefore^ they genmUj' are more restricted stratigrapliioiDy than mauv 
range zones. Tlnec khids of arsenihkge yxiu& are (1) overlap zones. 
(Z) negative asyociatiem znnex, and (^) fannst or floral zoncy. 

Oy'erJup soites are defined by the i^socbted octurieiicc of two zonal fossils 
whose jtratigiaphic ranges arc not the same bnt overlap or. more raielv. by a 
larger number of fossils that may substitute far each other. Ibe boundaries 
of such zones correspud with the boundaries oi the range zouc^ of these fo^ 
sik. Thus tlic boundary^ of one range zone marks tiic upper limit and the 
boundary' i^f the oilier maria the low ei limit of Use a.sscmbkge ™ne. 

A fiegirtive *moef£ifiDii zone ts that port of the range zone of one tfiat 
is tieilher overbtpped below hy the range iconc of a second fossil nor ovei- 
lupped above hy the ran^ zone of a thindp It is marked by the presence of 
one zona] fossil and the abseoce of others, jAssemblage zones of eIicsc two 
Idnds, Lliat are selected fox recognitiom generally succeed each oilier with¬ 
out overlap. 

FiJinwrf and flor-iri soxics aie diamcteraijed by the acenrnmee of an entire 
fauna or flora nr at least by its priudpal memhen. .4Jtliuiigli oilier ^issembbge 
iones may overkp, humal or floral z^ies do not, bul thq^ nuiy meur at dif¬ 
ferent position in the stratigraphic ^tion. These zone? are ujom directly re¬ 
lated to piticubi combinations of environmental conditions tlian any otli- 
ers. 

Abunctinw Xane$ 

The term rpibofolias been iindcrstDod to meai* a biostratigniphic tone 
consiifitig of strata supposedly dcponitcd during the or chimrx but not 
the entire oisteucc of some parthiilar organiini. tu practice the greatest 
number of preserved fossil spcchnens commonly Im been considered to 
identify the acme. Except within small areas^ howevcT, such a zone is not 
likely to rcprcsEnt a closely restricted identfcal intcml of time. An cpibolc 
is equivalent to a small and prolxibly variable fraction of a corrtspouding 
range zone. 
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Bcrrren Zm^ 

Even in hi^ily fosifliferous strjla, sojac lara^ «r succenions of beds aie 
likely to lack wliatevcr zotiaJ fossils aie employed for hiovtmrigniphic di^- 
entkitliTn, Barren zones tnay occur within range zones and assemblage zones 
but these rarely require separate Tteogniticui, Barren strata, howeser, may in- 
tcrs'cne betsveen fa<»ilifcToi]s zones of any kind- If bonen zones are thin, 
hoimdaries belweeu adjacent fossiliferous zones may be placed arhitrarflv at 
some intemiediatc position. If barren zones arc thick, tbev mav be conud- 
ered important cnovigh to be distiiignished in a zonal succe^ion. 

Zonules 

AUhcni^ aiHide hiu been used with other meanings, it ordinarily desig¬ 
nates a sabdishioii of a major zone, It is irmte or less equivalent to subione, 
and this is the only example of bietaichical order in hiostratigrapliy. 'Iliiis an 
epibole mi^t be regarded as a zonule or snbzone within a range zone. Also 
a zonule might be cbaracterizeri by fi^Jls of less stratigraphic range or more 
rcstiieretl n-ssotiation occurring within a thickei zone dchned by other fossils, 

Horicon 

The wrnd ftoffion coritmonly has been used as a synonsm of zone paitieu- 
larly with tetertruce to the occonence of vertically restricted fossils or as 3 sjn- 
oFTym of had rn connection with some lithologically restricted type of rock. 
Thus there are such expressions as ‘'the Stridt/undfniu horizon'' hi the Kan¬ 
kakee Dolomite (Sd.) of iiotUicm FUlnois or "the red shale huriHm" above 
Coal No. 6 (Pram.) in central Illinois. The word hnristn menus mist strictlv 
a boiindbig Ime or limit. It is properly used by geologists in a comparable 
way to identify a plane or a podtion within a stratigraphic succession. It is 
correct to refer to “the horizon of Coal No, 6 ” at places where this coal is 
missing. Dsc of horizon instead of zone dulU its meaning and is unnecessary. 
The .American Stratigraphie Code and subsequent declarations bv the AmcT' 
(Can Stratigraphic Commissiou reoummend that liDrizaii be recognized as be¬ 
ing with out thkknesi. 


TIME-ROCK UNITS 

Time-rock units are actual suceessioiis of strata bounded bv tbeorctkoJlv 
nnifonn time planes regardless of the unit's local lithologic development. 
Time planes generally are locnied os closely as possible on the basis of fossil 
evidence. 

It has been pointed out (liat time-rock units as defined in theory and as 
recognized in practice are not the same. True or ideal timc-inck wnrts are 
bounded by time ptaitcs (liat are indepeadent of alt material things. Tlie ac- 
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tiTul or practical time-Tock units of stratigrapbcis, however, dqjcrtd upon 
whatever matetial evidence is avaiiabk to approximate tlie ideal, and the 
terrn parijAijne-rock iijji'fs lias been suggested lor Lhein. It is iinpoftant that 
this diffmnee be ijndejstA>r>tL but nn diaitge iu teiniinology uccessan 
because the practical tinje-icxik iinils are the only ones witli wliicii sttatig 
mphm actually deal 

Systmis iiiui Series 

Geologit: systems arc time rock units based on stratigraphic successions 
present in certain hlstodcalh" tmpormiit areas (see Chrrpter 3 l *\jlliougli 
they are coiisidmd to be of world-wide applicabflihv there are large regions 
where the recognition and separation ol some of the ■standard :s)‘steinvhfis not 
betn ncctFmpli^htd ^iutisfactorily. 

Sv’stems jtc divided into series whose type atea^s connnonly have been 
chosen because the stratigraphic sctlioiis tlierc arc fully developed, fossilifer- 
ous, and well known as the result of early iind eontiriutng study. GeneralU 
the recognized series are of Jess than world-wide extent hut tlie\ should be 
applicable thmngfiout large uiafor stratigraphic prov jnces. Tims, in diSertnt 
continents or in different parts of the same continent a system may convist of 
diffeterU veries Hut are not e«juivaleiiE Ui those in other rcgu)ns. For exam 
pte^ the dominantly terieisttial Pcnosylvanian Sptem of the Appabchion re¬ 
gion and the mainly tnarine Pcnnsiylvantan of the MidGcmtinent area ate 
diffepcntly divided into tnne-met imrts and in neiLhcr of these rcgiojis ate 
the units the same ns tliose lecoginzeil m Fairopc i_ see b'lgnre 165 F 

hi tlicrr type urcaSi the riii|or fime^rock units are tock iiuits also. ITicir 
houiidarits cone^poiid with the boundaries of cettain locallv dtvdcFped for’ 
matiom, Tlic bomidarics liiat arc chosen generally ntc important stmttnnal 
or faunal breaks or more tliau ordinaiily tonipicuDiis changes m lithologic 
cbaractm. Many of Hiem axe unconlonniHcs. 

Aw^y froTTi their type areas tht major time-rock units tnas not be so disHne- 
tiv'c or cisily separated. An uneoiifortnity may become kss important or dj 5 - 
appear cntucly, and a consideiahle ihickiieas of strata may occur that is inter- 
mediate im age between the uppemiost and lowerfiiost parts of ciiiitiguoiis 
units as these are tepieserited iti the type area In Amcricip the Emripcan 
Carbanifemus Sy^teui has been divided into two tiew syileiuv tx^uusc nf 
stratigraphic rebtiDll^ in the central United States. Ihcnf a grunt imcoii- 
fbnnity separales the Mississippian and Pennsy lmniaii sy-sttins, which are 
quJfc Jiffeieutly developed Uthulogically. At tlih unconforuiity tlic Penn¬ 
sylvanian frvcTbps SOOO feet or more of strata ranging in age from late Mis- 
sUsippian to Middle Ordovneran (set Figure 25^, p. Tlicre us no com¬ 
parable Tin conformity' in the Appalachian region or any similar litholo^c 
change and a considerable thictness of transitional stiab pTr?*bably occurs. 
This is the type area of ihc Pennsylvanian, Because the greater part of the 
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bansjtiona] beds are non-rmnne, tliCT geaetally are assigned tP iliat system, 
rus£ils 3 ie rare and of link sen’icc in separating the Mississipp^n froiu 
the Fennsy'lvamuti in the Appakehian region. Even if they did occur abun¬ 
dantly, they pmbably svnuld not be certainly diagnostic because the fossils 



pP^uFe 1^5, CamkEtiqn diagrani allowing ihft time r^iathsm oF t1^ prift- 

^jpol imsB-rock cTlvmiMi of fhe Upper Carbonl^tfrous fn Europe a^d Afliarko. Difftrepl 
feg^i&nai IfriiotEvgk deve^opmenH and drFlereac«'i Sn ibe ^asvh yieiut for correfotioft in 
mpiin* and non-mdrinn iTmtp havft rtJiltfjfd kl fhn mcognitk^ ot different cIcmtfiCtrliOnE 
(After Parui^^rvonfejn Corr^icHion Chart CJtd n+her 

of tnnsitionaJ beds are likely to be themselves tmmitional and fail to ttidi- 
ate a sharp division between older and younger faunas In such situstiom, a 
time-rock bonndary may be placed for convenience at the boundary scpaiat* 
itig two local formations. On the other tiand, the boundary may be belies^ 
to lie somwhere within a local fonnatioo such as the Canev Shale 01 Ams- 
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den FoftnatiDiL A time-cocl: bounikty of either type probably would no 
(noie tliau ippmsiimte :t true time plane bceaiiK almost certaitily it would 
vaiysomcwiiat in time valutas it is iccogni^ from place to place, Difftrent 

conclusions may be diawn bv diffe rent 
pcEsous svho do not agree about ibe ill' 
teipietation of fossil or other evidence.. 
Also, the discovery of new evidence may 
result in tlie sbiftiiig of a tune^ixick 
boundary tbiit Is supposed tr coirespond 
with a standard timepliriLe. 

Unconformities coaimonly arc fa¬ 
vored as tiiiic-ruck boundaries outside of 
type areas if they' occur at a^iprnxuiiately 
tbe proper stratigTapbic pnsildon because 
they recoid the Idiitl of physical break 
that many geologists expect or at least 
desire nl these ntajot boimdaxics. Tire 
iineoiifonnity below the black slmlc in 
the Mississippi Valley has been mco- 
firmed (p, •KtS). Aiiotiier csanrplc is the 
uncoil fontiity beneath the Fdgcwood 
IJmcstone fSfl.) of soiitbcru Ulmois 
I sec Figuie 1661. Hie Giraidean Lime¬ 
stone below tills uucQjifrjTinity con tarns 
a tjmia dial lias been nrferred tn the Hi- 
Inrian by some poloontoioeists. but this 
fonnatioR is completely tmnsitioud 
downward mto strata of Orduviriau age. 

Systems and senes ate large tmits rep¬ 
resenting long intenals of time, 'flicy 
contam strata that amimulatcd in a 
great variety of crnanmniciitj. From 
zone to zone and fnim place to place, 
ihercfore, they tend to carrv a coiisider- 
able s^riely of fossil assemblages. Quite 
different index fossils may be idied 
upon for tbe ideiiLiiication of 
larger units in different areas. Because 
the stratigraphic ranges of tlitsc fossik 
arc not identical, llie boimdaries based upon tbeni also arc liiilikdy to have 
oiactly the same litrur value cvcrywliere. 

Even in smne type areas, the proper boundary between two fimc-rock mnts 
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EB<1i4n ihewing ifiB rvictibont formci- 
liqfli nflCTf tlia Ord^^lcJcrrv-SiJliltofl 
boundary in Union ond Ali-jcandar 
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may be disputed, as at "icjmc places where chataetcnstic and eonttasting fan- 
nas giade Into each other or ais sepsiiated by faums that are quite diOcrcnt 
fiom those ocenrring abos'e and below. Good examples are furnished by the 
W’araawand Stc. Ccnnies'c limestones (Miss. J in the upper Mississippi and 
Itwer Ohio valleyis (see Figure 167), Far faunal or other reasons, tlu^ for* 


Utrrch 

1911 


Welle r 
1914 


Welter 

1^20 


Moore 

1937 


Miss, Corn 
Chtjrf 
194a 



Si Lotiis 
Ls. 


SaJ cm 


Wofsow 

Ls* 


l£7. OpintDci^ recording ihe bovridane^ of \hE MefQrTVK 5«rl« fMisi.} hav9 
dpffBnrd caniiidepi^bty. &otK poteonlolocic and phyfwq! ^ypdcfict hove been efted (n 
fdvflf bl dif|«Tbnr wmIs, UnHI ogrwmefil k rrached i:onc*rfilbg I+MP formatwi ihtri con- 
Efphita ihh iefi« In th« lypti >crr«o^ importcnt discrppflndw kt itu doi^ifki^flon of cquJv^ 
oKsnl ttrafo urc lo occur slsnwhere. etbllnctbit was made between the 

rock ond hine-Tock quaJitwi ql gfoups ond torFu^ thfiM rtrnra were uted ntOra or ku 
IndlurfmindtBly, 


niaikpiis Jinvc been botli irtcluded and c[£:luded at tlic bottom and top it- 
speetj^-dy of iJtc Mcramcc Series. Of course if disa^eutfnt of thb Idncl 
occim m t}^ Altai, considerable disciepauries of interprelation may be gx- 
pected elsewLeie. 

Sftiges 

BiostrAiigtaphic 70 nes art combined to form kiget units termed ^ta^ei or 
substages. Stages built np in this way may also bo conndered bioslratigiaphfc 
units, but tLc objective in tbdr formation is to create timE-iock units, lltcs^e 
lar^ units provide A means of long range corfdatiom «tending far beyond 
tlic ranges of tbdi tonstrtmmt zonG, whidi arc not likely to persist thraugh- 
mit large ttigirms. Such stages arc built up by observing the lateiaJ extent and 
ovtrlappuig tdaticim of indJsidual zones. Thai, as one ^one becomes utjjcc- 
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ognissahle,. unothcT closely adjacent one takes its place and correlatian is car- 
nctl on. Stages constituted in this way generally possess some anihing pale- 
on tologic chaiacteristics and, therefore, may thcmiclvcs be considered zones 
of a grossof type 

TJic concept ol stages as time-rock imits w'as originated in Europe by d"Oc- 
bigny in IS50. He nought to sweep away confusiaoi resulting from both lith¬ 
ologic and fatiiial facies changes in |unissic rocks and lo sabsilifutc palcon- 
tologic units of universal extent for local formations chniacieiized by vaned 
faunas. Tic believed that each ol the stages that he recognized recorded first 
the introdnetiun and Intel Uie extinction of a complete fnmin. Thii^ concept 
ivns, of C0IU3C, far too siiupk, bul his stages proved to be vo useful in uigaiuz- 
ing stratigraphic details and for coTrelation that eventmilly thej" were widely 
adopted with only minor duingcs, 

in I8S1 the Internatiotiol Geological Coisgtes^ leoommended that the 
tenn sfnge be applied to a subdrvisitm of a series. 1 hue uj^yge became gciicial 
in Europe but ^\mencan stratigiaphcrs largely ignored it and employed the 
term group instead. For many yc^n stogi? aird group as recogiiized oii the two 
sides of the Atlantic were practically ssriomirioiis. both rock and time- 
rock concepts were confused in them. At an early date, however, the Emo- 
pean sf 4 jgf' ttcogaized as a standard unit of cojtekilino^iaE ii, a time- 
tocL unit—w lictcas ilic Amtrican group svhs considered to consist of several 
formatinns—making it a rock unit. This difference m emphasi?j probably 
was related lo ihe ease of Mcsojsoic stratigniphic zon^tion in Europe, based 
oiiammonitei. and progress in Paleozoic stratigraphy in where 

tailed coredatjons generally arc le^ clear. 

Few fossik other than the amnionites make possible the recognitkrn of 
world-wide stages, Eiccpt in the Mesozoic $ystcm5^ therefore* different sbgcv 
have been set up in different rcgioiis. Successive stiges are on snmc 
what simibr fos^ih, but different syslein.s uf vubdivisitiTi based on diffujnnt 
kinds of fc^sils may be recognized in the same region. Sitch units arc com¬ 
parable in rank tet they need not correspfjnri because noteworthy cJiangcs 
in different fossd groups aie not likely to occur at the Sijme stiatigGiphit: Ic^- 
ck_ lliQs m (^hfomia, the upper half of the Ceiiozoic has been divided 
into ujirelutftl loramiiifferal, inolluscaii^ and mammalian stages (see Fig¬ 
ure IbSy 

In America, stage w^ firsl used coiisistoitiv for Pleistocene snbdh^sirms 
(see p. Later thif term became more fauiiliur in connection wiLti the 
comblion of posl-Palemcjir strata witli standard European sections. He- 
ccntly it lias been us^rd increasingly by Paleozoic !dmitigmphers in ihc United 
States as conRlets in rock and time-rock coiicqits base been resolved Com¬ 
plete diatruetinn between stage and graup. however* does not yet appear to 
hav'C been accomplished. 
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nizLwl in Calcfomi'CL HurTti^rock ^grierotr^ ofm defined ond iden^ 

^rfted W Iheiir ioEsili. Difftfriirit cf fotlJt* ore IpIcbIv tEijg 9 e¥i 

difTerenl itTotdgrapfvK >ubdlviH&rtw ortd t««¥ra( dlFTcJenl iyHemi 
fubd^Uion Jikny be iu«fu{ 'Hrjihin o iJfigle nieo. tin the irioElmeo^fi col- 
untfi ore rhe nErme^ oF ^ornraNDTiv which lack the 4an ending iti^f ^ 
proper for time^/fsck uniti. tMinf cf th« otKir nnamti dlio ara dadv^d 
^rom fiafmattorti and thei are a poiiilitB vourtM of confviid#t ism ffg- 
luv 17tp p, 456J. lAfler SovTjge, 1955, dniF. Co/rf, PubL Geta^ S<K, 
voE. Sir p. 7 ^ fig^ 


TIME UNITS 

Geologic time units are intervals Umt followeti eadi other libc haui3 of the 
day or days of the month Unlike ihe^ famihar examples^ licnvever* geologic 
time units are not of equal laigtli. The time scale presented m Chapter 1 
shows timt soinepcncxls were of very much greater durntion than others (see 
p- ISjr Thus there is no standard length for any of the classes of geologic 
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time (Tnits, An cp<Kli of one period, like the Csmbrian, niiV tsceeded 
ftuotlia entire period, snefa the J urassic. 

Hie time assigned to any time unit is. detetmined by the rocks of die cor’ 
Tespcmdiing time-rock unit. Time and time-rock miits arc directly cotiiparable 
and foe each unit of one kind there is' a corresponding unit of tlic other bI- 
thongi; all clas«s of them have not been tiaiunl. 

Most time units, esrcepL possibly some uf tiie smallest, ait incompletely 
rcpicsentcd in local stratigraphic sections. Most rock tcqiicncts am inter¬ 
rupted by discotirinuities of tiotuleposition err CTOsion, and mans' rock units 
are separated by uncaaformities. In contrast, there were no mtenuptious of 
geologiL lime. Tlie flow of tiinc lias been continuous and there can be no 
intervals between successive liine units. Wlien one unit was completed, the 
□ext one mmiediately began, 'fhus tlic locts of two systems, as locally des'el- 
oped, may be sqiaratcd by an unconformity that repicscTits a time hiatus, 
but [lo currespouding interval separates tlic periods represent!^ bv tlirae 
rocks, 

’llic recognition of instauLs tu tiiuc scpiiinting succcssivt geologic time 
units poses a theoretical and abstract pKihltTTi which parallels the practical 
problem nf recogniring consistent and uniform timemplane Twimdiirks be¬ 
tween time-rock imits in areas of coiitinnoiis deposition. 'I'licrc vs'cie sueli 
iustants and then: are such planes. Their proper pJaccoietil invuleet eonsid- 
enrtion of both actual rock sequences and rime correlations, Tlic ideurifii-d- 
1 ion of i stratigrapliic liorirou with a standard time plane, or vice-versa, is an 
ideal Ibal Is very rarely or never attained outside of a type area. Differences of 
Dpitiimi regaidittg olttcivations are to be expected and icvbinns of interpret 
tarions are certain to be made. M stratigraphic and pnlcontdogic knowledge 
ititre«C5, howcvci, the idea] should be approached mure and mate closely. 

Pcrin^’fyjnk2U-J’^n‘injiui fionndmy- 

A good example of some of the theoretical and pmctical prnbk mr involved 
in the separation of twoiiiafor time uiiirs, and tJjc rejection uf a stratigrapliit 
horizon or rime pbne separating lime-rock units with which it cortEspoiids, 
is ftimislied by tfic boundary' between Hie Carboniferaus, or TennsvJvamun! 
and the reimian STstems. Presiuuably, this boiimlary' shduld be determined 
by ctmditium and relarioni existing in the type areas of these systcins. Tlie 
type areas, in England and n<Jithcasttm Russia icspcctively. arc 2000 miles 
apart and the Fetmiati System is developed in different fades in these twti 
areas. .Also, an important unconformity' occurs bcncsth the reriiimn Ijcds in 
England but deposiUon probably was csseiilially c-ontiriuous in Riissia. 

Muttliison ongtiiaJly placed this boundary at Hie base of u suctcssioTi of 
sandy strata in Russia. He differentiated tlie Termiau Sy'steni because of the 
oecuitenee of Imsils diffeient from, and younger tlraii, fossils similar to Car- 
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boiiiferous fomu known in England. Latier, Hniestone tmdeilying Ltiir £andy 
beds was disco^ieied to contain a distinctive htsaJinid ("&/itv<igtfrPT*i”) 
Huna wliicb also is younger than any English Carbonlfeious Euuna, TTir 
question then arose: Should the '‘Sefrwiigc'i7rMf*‘‘beaiuig strata tur aligned lo 
the Carbonifemiis 01 to llie Peimian? Some Russian geologists lowered the 
basal Permian boundary because the '‘Scftwftgmrw" beds were not me I tided 
in the typical Caiboniferous, Otheis tctaintd Miirthison's on^riiil boundary 


1^9. Chart ihovrlng differeia pMlttenr orlwcalwi For fhe Perrn’ 
lytvonjan-Potmran botindory Fn lha Mld ConlmaTrl r«glan. IModlfitd FfOin 
Mooro, 1940, AmH. Am. Asme. PolroFmn G<rot, ml. 74/ p. 300, fig, 3.) 


beentne the "Scftwtfgerfrur'* beds swre not included in the typical Pemiian or 
because they believed that this boundary coincided witli an important un- 
con formily. 

Since tlie discovery of Permian fossils in the Mid-COntinoit regiem of the 
United States m 1857, there has been much nneertainty over Ihe pioper po¬ 
sition of the Pctinsylvanian-Peimiai] boundary as shovni in Figsne 169. At 
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tfmci :md by difieretit persons, tliis boimdar}" vkus^ pkced at 
diffexerit levieU witbiTi a stratiginpliic interval of about 1000 fecL Tbe stmti- 
graphic action m this region is essetitialiy complete, and zones adja¬ 
cent \o the boimdarv' in both Russ^ and the United States have been corre¬ 
lated confidently. Tlic botitnlary m recognized in America ^Tiried because 
t, I) the “Scfiai'i/gerinii'* beds were considertti io be basal Penniau by some 
and uppermostPentfsyU'atikJiby olhen^, {2) the lower limrt of the angc of 
"SchM'agcTina'^ was not deiertnined accurately! and (5) variDUs more or less 
peisistcnt thin limestone metribets wttc selected as kes' beds in mark the base 
of the Permian. More recent]y+ an inconspicuous and perhaps local micoiir 
foraiity svas chosen ris a supposedly tnore significant boundary in pari of the 
Mid-Continent region. 

American participants in the 1917 International Ottikigica] Omgress vis¬ 
ited the Russian Permian region. They coiiclnded that the sandy btah and 
the "SellH'tigmfid"' limestone arc at least partly ttaniiitional facies of simiLn 
age and Inrtlier that the supposed uuconformit} separating them reSects 
^Iructares piodnced by large organic reefs which riiic above the geiiemi linnet 
cii the 'Sclnm^erimr limestone [see Figure 170:. The .\mcriams favored 



170 Grentty gsriBniHied •m0ian tkowing Stie relcHion^ at ihs '"Sd?-fogt/SPifi* 
Liirifrilone Tft ihe Uppiff CarbanasfQM^b niid Permian in ftuxsio, Theie Ur^la, which Jntfude 
iorg* or^nk art yo^^nger rhar* ihe orlginol CaH5onitfrr£m> ef Ei^glqnd bul lhay 
wflrr Picri mducM Fn lha original FeonFon of Runki by Mufchiion, in fhe Uoilmi Shitec 
liRrta of eqvlTOiilonl 03^ met geaergliy conriderad Ip be iewar Permian. C^frare wHh 
F^gurw IBl^ p. 4 S 7 . ^^>ota from Dunbor^ IP 40 , Ru/f. 4 rt». Assoc, i^^fro/ffunr Ceo/.^ vqI. 
pp. 2J7 ta 23lp ond othis-f wurcn.} 

inciusirm of the "Schw'ijgmnd"" beds Ln ihe Penuian S^Ttem. which cor¬ 
responds to American practice, as the best $olution to the loTig-stunding 
Caibonifeioiiii Pcrmiari Iwimdary^ problem. If genera! agrccinent with this 
conchrsion dmuld he rt^ichcd, wbkb icches pcMjible, an ommptc will be- prrj- 
vidcrl of an iniportanf itratigniphh Hud geologic time liouncbn Mhose ac- 
eqsted po^iikin lias Imxh 5tnuigly influenced by ttHdcnc'e derived fn>m a re¬ 
gion far from the t)-pcr locality of dthtr system. 
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Ldrgcrr Tmje Units 

The /jsmod the principiil imtt ot goolo^c time and all iathct imits are 
combinations or subdivisicms of tUh one. An era corresponds to time-rock 
sequence ot 5€\^cr3l penodsn such as the Paleozoic or XJesozoic* hot tlie bttei 
tenn has not gained general acccptBuce. Above this, ail geologic time is di¬ 
vided at Llie begin niiTg of the Cambnan period into two eom^ Ciyptoaoic 
and Phaneiozoic, but tb^e terms are little used. Epi'ich^ fomicrly cmplovcd 
for an) time unit smaller than a penod, is now recommeudcil as the equiva- 
lent of series only. 

Minor Time Lfiiifs 

Agcr 15 recognized as the rime term corrcspanding to the time-roefc stdg^_ It 
has the disadvantage of being a verv eommoii word tliat is certaiii to be used 
with other les restricted mea n in gs- B eneath this^ a coi isidcniMc variety of 
terms has been proposed to coirtipood to zones ^ see p, 4 >6). ITie cmUTig 
-ehrori ha^ been used for Mn-cml of thcia. ITius fiiiinkhron, broeftrem, and 
fci/ciiran cc^itcspond t?J fauiud zone, biozone and teit^ne respective!None 
of tliEse tenns has gained most tlian ven' Limited m local usage, llie time 
term corresponding to cpibole is hcracm, ITns is a gCficliron (see p. 420) 
mther than a true time imit because an epibolc, which marb tlie "chmax ' of 
a i^pedta as indicated by abundance of fossil speeimensT does not represent 
the ^mc time everywhere, 

GLACIAL STRATIGRAPHIC UNLIS 

Clfldal geologists generally ate more concerned with physiographic fea¬ 
tures than with stratigraphic successions. Tliey distingurih and map Lilt 
plains, moraines, shniclmes, and ontwash channels ratlier than such [itbo^ 
logic units as till jdiecis and Loess blankets. Rock units cumparahlc to those 
that play siuli auiaipottaiil part in couveutional stratigraphy, therdorc, have 
been little cmph^iiizxd- .Mlcntiuu lias been directed principalh to the lelu' 
rinns of tnjwgraphic fortnSp gbcial deposits, and tlic phyi^iogiapJiit pnxes^sc? 
that fespnuded to the rli) thmic alLcfiiiition of glacial action and intcrgLieruI 
repose. 

In Pleistocene glacial studies the tune demerit is prcdomuiant. Local time 
divisions arc imcqum>cal sjnd not dependent upon tlic more or less arhitmiv 
graupiiig ot rock units us in convcnhonal f;tr.itigmpLiy, Each principal rime 
divisiujK that has commonly been bermed a is defined in any atca as^ 
either a glacial m an intctgkcial rime unit and the sedimEutatv or rock nnil. 
corrCTfpnrid^ with il acictly- TTicrefore, the rock dmsifins appear to be time- 
lock imits rather than simple rock imits. 

Tile gbeiaf iStage has l^eeii consideicd a rime unit and not a timc-rock unit 
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^ m conventional shatigrapby, Thii usage of the term Ims been w general 
and was so finnly established h\ long practice ihal the Americiis Sttati- 
graphic Code uf 193? made special provision for its recognitimi. No compa¬ 
rable or corresponding terms wen: ^endlj adopted for gbcia) time-rock or 
rock units. 

Careful analvsis shows that the glacial time division ^tijge is actually a 
ochron and not a true time unit comparahk lo recognixed In conven- 
tioiial stmtigrapliy. litis is so because it has not been dchned with rcspccl to 
ujiiffimi time planes. gkeim stowjy adv-anced or rdre-ited, the dme ralucs. 
of gkdul and iutcrgkciul stages varied from north to south and thus the in- 
terstage boundaries transgress time pknes. Consequently the glaciaJ stage* 
as recognized in thepast^ is a v^ariabk unit. Also, the glacial nock divLsions ac^ 
hiuTTy are rocli: units and not Hme-rotk units. 

Attention directed to thc 5 c discrepaneiea has resulted in suggested action 
intended to bring Pleistcjccnc glacial clasilficatian into conforniity with gen¬ 
era] stnitignipliic practice. Thus, iige is substiELited for the aid time tetm 
rfcigc, and the latter b employed here also ns a timt-rock term. In additiyn. 
dgc is dc£tied not m terms of local facial or interglacial conditions but tn' 
time planes. IbcoreticalKv ^hese are selected so that they bracket the active 
lives ol the glaciers da at periodically pushed southward. Sucli (ime pknes arc 
not clearly te^caled by any of the features of the glaciated areas. Presiimablv, 
how ever^ gbdal expansion and con traction v™ accompanied by com^poni 
jng Fall arid rise of level llieicforep the standard gkci.il aud adcigbcial 
agev presiLttuihJy should fijid thdr mmi actmatc citpressioii in coastal regions 
wiicre episodes nf rcgulariy fluctuating sea level alternated with episodes of 
stable strand- line cotrd i tiou^. 

Such a rehuni seems Jogical but it may be unnecessarily impracUcaL It 
substitutes ideal indefinite units for those that arc real and ev^ident. Tliere is 
no certainty that Pleistocene glacial geologists will recognize mzh clran^ 

Ordinarily, the deposits of a gbcial stage:, ;ia this is now recognized, do not 
requite stratigraphic subdivision into verticalU siiecesshe unih. Instead^ 
different types of materia], such as till, out wash, lake beds* and Joess nf more 
or less equivalent age accmmilated in different auras. Each is characteristic ol 
a different and disHnetive environinent, and little or no mteEgradatioii oo 
CTIR. Croscquently, the intarclations of met units of different liUiotpgk 
character are fairly simple and gkcia! stratigraphy is not complicated bv 
many of the problenis tim atke m connection witJi the study of older strala. 
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Stratigraphic Nomenclature 


STRATIGRAPHIC NAMES 

Aix sttatigmphic units require distinctive names or cowspitablc designatiam 
in Older ihM tlitry muy be idenlified and differentiated femi each other, En 
former tnnes stratigrajjliic naujes were dcrired rndiscriminatdy from placc$ 
or other geographic features, distiiigufehing physical features, or diaracteris- 
tic fossils. Thus, the Joliet Limestone (SU.) v^-as nanied for a city in fTlinois, 
the Hdderheig Limestone (Dtw] for a low range of mountains in New 
York, the Saccliaroidal Sandstone (Ord,) of the tipper Mlsstisippi Vallej 
for its sugary appearance, and Ihc Archhijcdcs Lmi^toue (iliss. J of western 
Illinois and lo^va for a peculiar bry^Oisoaii. Nung?eogRiphic names gEven Jang 
ago remain in use in some other countries but in tlic Uniled States the prac^ 
tice of tlie United States CcoIn^caE Survey of designating all rock luiits, 
and most of tlic stratigraphic units of other categories* by get^mphic nanic^ 
Ims been foIlowx"d almost invariably. Old descriptive naiues have been te- 
placcd; the Saccharoidal is mw the Sh Peter Sandstone and the Arclumedex 
is now tJie Warsaw Limestone- 

Construction of Strotigrophic Names 
Gemrrdl 

Stmtigraphic names consist of two parts: (1) a geegtaphic or other nanie 
that is in^TiTTably capitali^cfi and (2) a class name such as period, ^eti^ or 
funnel hbii. that may not be, Tlie American Stratigtaphie CnnnnisKion has 
rcrammended that the second word be capifahaed also but iu the past this 
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not nectssarily htcn don^^ Capitalization of the stxtmd part of tven* Eor 
mal stratigraphic name its teckniatl usage and di^ng^iiislics LbR 

from the common mOit g^ieral memiiig of the word. 

Tirtti? and Time-Rocjfe t/ntt* 

Tlie geographic or other nauies identify'ing corresponding time and tiriie- 
roci units arc identical. Distiiiction k shown by use of the appropriate cbit!* 
name—fot ctamplc, Devomau Period and Devonian Sj^tem. Tlic 
uames^ howe^^ext mav be omitted to avoid repetition if confusLoti y unlitdv. 



Figur* 171 tiicErr ^lawlpg 

the r«lc]<iom □! Lawei and AAJddJc PermiDit 
Ufata In WBit TBxai, Srmtigra phic baund- 
un&it af the: Leonard and Wal:F^caofp Forma- 
liens do net txMTeA^erid with rh? beundanei 
eF thE WoEFicrrnipsfin and LApnprd^n faiies. 
Thti chan iltiJiiTimt&i the poiiibl?' ccnfuiioii 
fhat miTf f«ulr from the oF ihn leiTi'e 
Oeogpaphic names for bcfth fock and Ufn^ 
FDck unrti. I After batlwi, BifU- Am. 

Mui. Ncf. Hiwt.f 11*H flTt. % p- 165^ 
Fig U 


and reference is made simply to 
‘"file Dc^oriiim.'* 

The initial parts of names of time 
and time-rock units am changed to 
adjectival Fomi by adding a suffix 
such as -cui. -it, <Liis, or -ary. A 
tew a tempts at lystenratizabcm 
and unifanti use of suffixes have ml 
provird popular and the original Fcr- 
minatkms arc in general use, Tims, 
amemg the sy^lems there aie Oido- 
sician, Jurassic. Carboiilfcroas, end 
Tcrhaiy'. A few^ mmes of classitaT 
derivation end in -cene or gmt^ Pli¬ 
ocene and Neogene, 

Most geographic frames are in 
their modern forms althongh e few 
Euri^ptan tramcs aie Latinized. Ex- 
ampics are Vmdobonian, named 
for \'kTma, and Fonlian^ ninned for 
the Black Sea. 

\ ven^ feti- names hate not been 
clraij^td to adjectival Iotw becaiiiic 
the re^nlt^ wxiuld be uiiciTphcmimis 
—for example^ Finger Lakes Stage 
(Ltev.). 

RocA Lffirft 

Geographic name^ employed for 
rock units arc not changed to adjee 
tival (onn or altered m any way: 

Rock uniht have no iicec^iy 
time eoimotatirms. Therefore, the 
^amc geographic tuitnes cannot be 
lived for them and either time or 
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luiie-mclc units witiuitU daiigei (lE eontusioii I see Fi^re !"h. A rock unit 
vudi iis J gJDup mity l>e etjuivalent to a liiue-iock miit sucIi as a stage as its 
type locality, but theboiiniiaties of these units arc likely bo diverge ai they 
extend intn oilier areas. If a singit name were used for two units liasing 
these lelations, it might identify differtal sequences of sttata at any locality 
r»tlier Lliaii the type. 

Because llie distinction bet^veen rock and time^rock units has not been 
clearly realisied in the past, there have been many inshmees of the duplica- 
tinii or shifrinE of naiues tn or bidwecn the rock and liinC'TOck categories of 
stiatigiaphic imits. Ilic Pottsvillc. Allegheny, Conemaugb, and Mononga 
hcla (hvcfions of the PeiinsylMiiian piovide cramptes. The names onginally 
identified torinatiuns but subsequently then’ aha luve been indisetiminately 
used in the sense of both group and senes, Hiis particukii sitnaHoti is not so 
seiimis as some oUiers Ixxausc tlie PennsUvanian rock units are identified by 
tmdjig key beds or by p^lleobatallle correlation: the? arc very similar, theio 
fore, and perlviips atliiaUy identical tu practical tirnC’tocl! units. NeverthdesSp 
in order tc elimhiate all [lossibiltty of contusion, no duplication of names in 
lock and time-TDck edtegorics shmiid be permitted. 

f'‘crn7uition!! 

Tltc name foTttwtiott □rdiuardy is replaced by a lithologic teriri, most 
commonlv limestonp, iouctstorre. or s'/iale but others siich as cffiloritite, tsofite, 
red beifsp'or grciywoicte niav be used. Ibcse lithologic names geriemlly indi 
cate the dominant m most conspicuous kind of rock present in a torniation 
and do not nccessarih imply tliat the tmtire fonnaJion consists of this iimtL- 
rial. Some M>calW limestonra, foi example, arc predominaiitly shale, but 
their softer layers aie likely to be less well exposed titan llie mine rcsislaiit 
beds Thus an cnoneom idea a* to the nature nf a fomtalrQU may arise. 
Some fortnations arc so heterogeneous that no litlitilogic lenii is appropriate 
and the luispccifit class name foritiufion is used for them. 

,^^^t (^Tding to the practice of the L’nitcd Slates Ceologiciil Survey, the com- 
biiiatiun of gengiapbic and litbologic temis in a formation name is invana 
hlcL 'rhii mavresitlt in names tiiat are itiappropriate in some areas for forma¬ 
tions of variable lithologic doelopmi.'ni. An example is the Paint Creek 
“Limestone" (Miss i of southern Illinuis and western Kentucky, Ai its type 
locabir iliis formation includes mciTC shale thun timmtime. Elsewhere it 
grades lateralh" into solid limestone at some plrtcti and into ctm tin nous 
diakat uthers, lu the latter places the designation “Limestone" is an obvious 
inisnnmci. Many geologists do not adhere to the Ccologtcal Survey’s sbatid- 
jtJ practice in this respect. 

Membert 

Mcmben constifntc an exception to the mte tlial sbratigraphic names con¬ 
sist of two words Isecausc the nerac of a member properly coT^jists of three; 
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(]) a geqgrupliic naaie, lithologic tcrm^ and (3) the fi^me mem- 
ber. Only in this way can the distincttDn betn'Cfin foniiaiiDn and member he 
made deal. luiormaiJy and to avoid lepelition^ l-ht vn^ord membet 

may bt omitted it confusiao h unlikely ot if dbiinction ii unimportant* or 
the lithologic term niay tie omitted if it k lumcccssary for clarih^ of mtaning. 

Zones 

In contract to other stoti^pbic imits, aD biostmtigraphic zones art 
iiamE^ fur their characteristic fo^iaihi. Tlicsc m^y be either genera or species. 

genus name ts a single word that is cupitalized. A species name consists of 
a capitalized generic name and a second or specific name that h not capital¬ 
ized. Both names should be italicizedp llie use of a second or specific name 
without its geiienc designation js both improper ^nd CQnfu!>iug because spe¬ 
cies heloiigiTig EQ different genera may Jiave the same tccond or specific 
name. Without mdicatiou of \he paiticubr genus, therefore, such sptcic$ can- 
nut he distuiguislied (see Figure21 "ip p. 36[)). Ltnuecessar) ruperitiDii can be 
avoided by abbrevLatiog tiie generic tiauie, whicli cmiituonly is represented 
by' ib initial capital Icttcf, providing tliai the full generic utime has been used 
at least once and tliat confusiors wiLli oUicr genera is mdiidy. 

tn the pHjit many zones (lave tJeeT^ designated by the second or specific 
name of si zoiiul fossil s^itfinut ^ny indication of its genus and the name mav 
Of may not Imve beeti capitalized or italicized. MoJem praclicc rajutres the 
stratigrapherto adhci^ umfomily to Iht proper metlirxl of waiting ibe tiairtes 
of fossiU when tlm' arc uses! for the nann^ of zufies. 

A review of actual practice in the ctiiistttscriun of .stratigraphic names 
show-^ that few iin^ariablc rules iiave been recognized. Pmceduic ha^ beeii 
governed more by custom than by consrstencyp 

Priority 

A shatigrapluc uuiL nuiy be Icnowii by two or more names given to it at dif¬ 
ferent places nr at different timei. If tyiiouymona nanie^ <rsist and a choice 
muiit be made befw'ceii tlieui, it is advisable to adect the he$r tnoun and 
meat widely used rmuie. American stmtigrjphm geutrally are agreed that it 
b not nccessarj to cmplfiy' ihe oldest name. Slubilit}^ of noTnenclutuic is con¬ 
sidered more important than priority, Otherwise various well-estahllEhed and 
familtar names might be required to give way for older obscure or forgotten 
ones. 

As ail example, the yuungcsl division nf ihe Mi^rissippian System h 
known as the Chcstcriati Series, tlie nanic Chester was fiirt given to a Mi^ 
sb^ippbn sandilunt in lB5i^ which is now termed Pale^rtinc. In a Ch^- 
tcr limestone was described and iti 1-S66 thi^ name was employed for a group 
of stiirb mcluding^bafcmd sandslone a^ wen as limerstone. 1"his group later 
became the Chester Scries, Earlier* bowe^xT, in 1857, the tiaruc Kaskaskia 
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Limestone bad been propasal for these same strata. In tbis case Chester h 
neither ttie oldest name introduced for Upper hrlissuisippia-Q rocks nor is it 
used for the beds to vliich it was onginaTlv applietL 

Homonyms 

The use of name for more than one stratigiaphlc unit creates boniO' 
nyms, resuite in confusion, anil, thetEfore, is not permissible. There are, bow’- 
Ritr, manj- examples of homoiiynis in stiatigrapliic literatitre. Most homo¬ 
nyms among the older nanics, created before any rules were recogrinsed, have 
been eliiuiriateti hceause all lint one usage of a name have been abandoned. 
Ill niodem piattitr only the ihiL usage of a name is pitiper although redeftui- 
iiitn (IT TestTretion of the strotigEaphic imit may Jiave been constd^cd nrees- 
iary. This applies to luuies in (Ufferent eategnries of stmt^aphic unit.s and 
to names in different classes of the same category as ireH as to those in a sin¬ 
gle class. It is advisable also tri avoid the umc of different but somewhat simi¬ 
lar names for units of the some genenl age occurring anywhere or foi units 
of any age that are proent in the; same general region. 

For esaiuple, the niinie Battle Xlountain Fonnation h-os rntroduced for 
certabi PcntinK-aiiiau straLi in Colorado in 194L In 1942 the Upjxr Cre¬ 
taceous Rattle Formatioii w-rfs described in western Canada, Tliesc names arc 
distinct enough so that confusion is not likely between formations of differ¬ 
ent ages in different areas. In IISl, howei'Ci, the name Battle Fomiatioii was 
used again tor Petiusylvauinii beds in Nevada, Ibis created liomonyms. Also 
Battle and Battle Mountain arc so shnibr that fonnatiom of similar age hi 
the -same gcntral region are likely to be confounded. Another csarirpTe is 
provided hj- the name Kiiikaid Limestone nf the Mis&isstppiati first used in 
Illinois in 1920. In 19'3 a very similar name, fCincaid, was given to an Eocene 
formation in Texas. .^Itheutgll these names are slightly dlffcient and identify 
formations of different ages in quite different areas, they arc so much alike 
that difficulh' may result. 

The United States Geological Survey lias published lexic'ous listing aj] for- 
matitm names used in America through 195?. "Hie Committee on Geologic 
.Names of the Survey iilso niointains an uphr-date eatalng of ail ihatigtaphic 
mmo piihllshed in thU counlry, Inquiry addressed to the committee con- 
ccnuiig iiamtt tentatively selected for new units will reveal which if any have 
been used before and thus prev'eut the pnblicatfon of a name that has been 
preempted. 

Symbols 

ftt some European countries more or less complex sixtcnu of symbols con¬ 
sisting of letters or numbeii witli superscripts and subscripts luive been em¬ 
ployed to design ate stifltigmphic units. Generally these are timc-roclc units 
irlentified by their fossils, or strata conthifcd with such tmita by other mtans. 
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The $niiboU. therefoTC, mity take tbt plaof of mme for scriii'i, stages, and 
zoncs- 

In Russia the Carhomferona System ts divided into major liiirts desigtiated 
Cl, C2, and C3 Subdivisions are indicated by the symbols CJ, and so 
forth f see Figure 16x p -l-H I and stiH smaller djvisiun» by CJ*. and CJ*. In 
contnst, divisians of the lingluli Carboiiifeious arc discingushcd by the ini¬ 
tial letters of the genfrie names of clumicteiistie fossils such as 71 and 22. 
for Zci^jfi rentis. a coral; SI lUid S2 fur SemiiiiiLt, a bTatliiopod now known as 
Cumposrlu; H for HomocffTiis, a goiiiiitite; and so oti- Other systems nsing 
Roman nimictals and Greek lettim; also liave been cmplwed. 

Symbtils mny serve as a sort of shorthand for stmtigraplnc names in long- 
studied and complete stratigraphic sections if their detailed developments 
arc well bi(wn and they are not compheated by imptutant laterai fades 
changes or htoken hv Unporianl stratigraphic discontiiiuiticll. Most systems 
empTujing symbols, however, luck the flcTibflily provided by names betanse 
they indicate order and continiioiLS suecBssiml, Once lliw have been set up, 
revisions of the Stratigraphic secticm dt addiHpm to it of newly disciivered 
beds inteinicdiatc between any of the older rmfls arc difficult or impussible. 
Systems of symliob do not seem to be suitable to straNgraplm cUssificatifln 
in such a large and varied country as the United States, where many strati¬ 
graphic details remain to be determined. 

Informal Names 

Tlie designations of coal beds and oil sands generally have been ennsid- 
«cd to MI outside <}f the 6 dd of Eormal sbatigniphic norncnclamni. Conse- 
r|iictdly the rules and convciitiuiis governing the use of other stratigraphic 
Tiamcs comiiioiily have not been upplied to them. Most of these strata are, 
however, welkuarked litlinlogic imili and there stt;Tns to be oo good icasou 
why they Jmuld iint!« accorded al least thestahisof mcmbeis. 

Coals have been named and numbered and minic coals arc designated in 
both w^ys, as. for cKample, the Springfield or No. ^ coal of lUinms. Names 
are commonly geographic, but some refer to phy'sical peculiarities, such as 
the Fiu.tlay coal of eastern Kentucky, rvhich is maikcd by 3 peraisteirt thick 
cLiy partuig. Some names arc used for more than one bed. like the Lower. 
Middle, and Upper Mercer tmls of Oliio. Tiiin coals Tymg dose above 
thicker onto may U‘ termed "tidet" beds. Js in West Virginia and Pciiu- 
sylvunia. where the Pitlsbur^i coal U fuJInwed by the Pitohutgli lidei coal. 

Generally tiumbert apjdied to coals progress from below upw-and iti strati- 
gtaphie oidcr "rhin, bcal. or ctuumeidally tmimpu riant beds may lie 
skipped, however, so numbers do not indicate the actnal succession of coal 
beds presfnt. Coals occurring between iiumbeied beds niay be identified by 
letteis. Tlitis No. coal lies between the No, > and No. 6 co-als of southern 
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mmois, and Coal III A inten'enes between Coal 111 and Coal TV in Indiana. 
In coalra^L the coals of some districts, as in norUiefji Illinms^ ate mnnbered 
in reverse order. Progressively deeper lietis arc tnouu thcr^ as the Firsts Sec¬ 
ond* and Thiid vdn ctiak. 

Alan)' oil sands are identified by the niinie of the farm upon which the first 
producing well was diilJcd. Geographic names, howc^Ti, also are coiiiiiu?n— 
for example, the Robmson saji<l of Illinois and the Bartlesv ille sand of Okla¬ 
homa. Some 0]1 sands carrs' tlic names of the producing foniiatimw, like the 
Am ^ ^andof southern Ihjuoivbut generally these constitute only a part 
of the complete: fomiatinn. Altlinirgli s^sme miscorrdatioiii^ liave resiilfed in 
the misapplies lion of mch names, once established in subsiirbcc teminolog)' 
the) are likdy to persist even after the mishike in identification has becDmc 
welt known. One name iiiay he used for several oil sands. Thus there are the 
FifSh SeconcL and TIaird A einingo sands ni Pennsylvania. Less coinrnoiily 
niiniliets tmlvare used, like f'^irst payv Second pav. and so on. As applied to 
oil sands, jlumbers progress dov^Tiw-ard and indicate the order in which they 
were reached in dritling ,\ny iiil pudueijig bed is likely to be termed a mid. 
The me of this woid does not ncccsiatily hidicate that it is saiidstanc. Thus, 
the McCloskcy so nth which is an Tinporhuit and wideipread pniiincer in Il¬ 
linois, is a porous zone in limestone. 

Strata other than coals and oil sands enctjimtCTcd in drillmg mov- be useful 
as beds for correlation or identificaticTti of position in the stratigraphk 
seclion and 5<?mc :ite raimed. Tliesc may coirespnd to rock units Imowii in 
ontcTop but be given tUfferenl names because ct^rrclatinfi was not undeistord 
at first . On the other hanch tliey mav he cither more or less mdusjve than sur¬ 
face units. 'Hte riames arc quite vaTiously ^letivcd. Soitie are [ann names like 
the Barlow lime of Indiana. Others are old time drillers' terms, such as the 
Big Limciind Pencil Cave of the northern Appabclnau region. Most names 
of this kind antedate the advent of tire petroleiiin gcologtst. Some have per¬ 
sisted iKxausc the) werexviddy employed and arc ^ til I usefnL 

In some areas the Pennsylvanian System has been jubrlivided into cyclo- 
tliems (see Chapter W) rim I have been given geographic names and may be 
treatctl as if they were standard hirmations. Earli cytlnthcm consists of sex- 
em! litliologie mcmheis. as many as eleven being recfignisied in Illinnis (see 
Figure HSp p. J72). Some of the mcnibers also have received geographic 
names hut the namiHg of all uf them woiltd create a system of nonicnclature 
of unnecessary ctimplesity and be akiost impossible to remetiilier. Conse¬ 
quently, Uie members commonlv are identified by the name of the cyclo- 
them and di^tirifuisliccl by their Uthologic tmture and portion. Tims in the 
Breielmi Cyclotfiem there i$ a Brerctofi landsloiiE. a Breietun imderday* a 
Biereton coal, and so on, lu the Shumvvay CycJotlieui tliere umong oth- 
CIS a Slinmwav middle limestone, niiddle shale, and upper limestone. Hre 
rules of strati^pliic nomenclature prohibit the use of the same name for a 
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iinit and a snbdivision of that utiiL hut this system of q^dothcmic designs* 
tion ts simple and con’^taiient aud cau be accepted on an infonnfl] bu^is. 

\bny of the geologic sj^ems aic divided more or less mf ormally in to 
lower, middle, and upper pits* FL as in die Cainfanann the sjTitem is com- 
psed oF tliiee series^ these words substitute for senes names^ are capitalized, 
and ^rt rectsgriized as formal dcsignatiuns for these time-iock units. Some 
systems include a hrgGi number of series. If, as in the Devonian, tlicrt U 
agreement regarding assiganieiit of iJie series, an equally dehnitc tripartite 
division may be recognitvcdt and tlicse words are capitalk^ and similarly eiii- 
ploved Ki a standirrdizjed formal way. Otherwbe the uncapitnlized woids 
identify only successive, somewhat indistinct divisions. In some systems, like 
the Penusyivunian, agreement has not Ijcon reachei and even if Lower, 
Middle, and Upper are used fomianyir thdr meanings are not consistent and 
they vary ifi different legioivs or aa used hy differeTit persoti^. Tn such a sj^^eni 
as the Mississippian* division into cither two or thtcc parts may be iiiade. 
TImi Middle MississippJaii may or may nof he recognized. Othm, lite the 
CretflccouSp consist of only two series; there is no Xtiddle Ctetaceons. In any 
case capitalization of these terms indicates formal and supposedly stau Jard- 
ized usage whereas non-capiUlkatiori is informs! 1 and iudicutes only rdnLive 
position. The wards fdwer, middle^ and upp^ are employed m the sulxiivi¬ 
rion of series in exactly the same way. 

Time dimions corresponding id the lower, middle, and upper parta ti^f sys’ 
tmu and series also are rccognisjcd. The teims pmperly applied to them are 
ptiddle, and lute respectively, although the prefi.T mid^ or the word 
THi^dial 01 may suhstitnte for middle. Tlicse words are rarely eapihil’ 

ized. Finally, the capitalized prcfiscs Eo-^ Me^ and Nco* aie used in the 
same Avay for both Lime and time-iock units. Even tliough these relatcvc 
terms are capitalized and employed in a formal sense, Lhdr exjct iiteaiiiugs 
may be somewhat uncertain. Therefore Uic iwe of geogniphic itgmes for parts 
of time and timC'tock imits genendjy « preferable if tiicy are available. 

Obsolete or Abondoited Nom^ 

Many strarigraphic names included in ah ebsscs of sit categories are not in 
current use. Some gained little or no recognition after their original introduc¬ 
tion because: 

IH Tliey^ were iB suited to stdiigraphic needs. 

2. They lesnl ted fTom staligniphic misinterpretatio ns. 

3. They apply to arcaji that liavc received no further attention* 

Other names fornicrly more or less familiar to geologists arc no longer in 
list for these same reasons or because: 

4. TTiey have been superseded by synonymous names. 

5. They have been employed so variously or have been so fniscorrelated 
that they ^re z 0 longer usduL 
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6. A stratigraphic unit has been subdivided and iio present need is fdt for 
a former uiime. 

All cntiTtly difFcTtnt dassrfication is now rect^nized. 

Almost airy ohsolete name may be revived rnidei same etrcnmstances and 
win renewed acceptance. 


TYPE lOCALfTIES 

Ideally even' rode uiiil and particularly every formation should Tias'e a type 
locality. Type localities are iuiportml because they^ piovide specific strati^ 
graphic sections that serve as standards of refetence showing the typical lith¬ 
ologic cliaracien of a toch unit and its typical relations to otliers. At a type 
locality there should be no qitestion as to the identity of a unit and to bound- 
ancs. 

Some formsthms and members have been carefully debJied ^Tth exact 
type localities specified and type sections meaflured aud recorded. Many; 
however, ongimlly did noi liave precise type Irxsdities dcsi^lcd for them. 
Consequently stintigraphcis cannot Iw certain esactiv what was intended 
when such a unit was first djscnminated. If particularly go<>d and complete 
exposures wcic selected later, th^e uuw may be accqjtcd as the type sections 
of such units. 

Croups and larger rt>ch units, corresponding to tir^e^:ock units at theh 
type localities, generally art defined in terms of the smaller unto that consti' 
tufe them but tiicy also may liave recognized type ar^ or regions. Mo$t 
time-rock units otJier thnii smne^ Imve geogmphic names derived from such 
plates. Became lliey generaJly are isynthetiE:, these tirue-rock units rardy luave 
specific type Jixoli ties ot type sections. 

Stones, which are named for clmracteristic foasilsj do not necessarily' have 
type localitics- 

Dfirivof ion of Names 

The naitis of rock units are derived ftom the names of places or other 
geograpliic features af or near type localities. If a formation has had no exact 
type locality spedfiedr the place for whith it was named presnmably icidi^ 
cates approximately the position of the type locality. If the name is that of a 
town or some other restricted geographic fcaturci the nearest good exposure 
may be suitable. If, htm^-er. tiic name was taken from a uiorc or less extern 
sive polliital subdfvisiDu or geographic area or from such a feature as a 
mDiuLtnin range or river, theic may beany number of posksiblc type localities. 
Under these drcunulanecs tlierc is likely to be much ancmiainty, and dif- 
fereiu geologists may choose different places for die type. Some units are not 
adequately exposed at any single pbee and At best they can be said to hav^e 
ordy [ype areas or regioiBH 

Tlic lack of a ptedse type locality may result in innch tcnfnston. For 
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raampic, a thin black shale of Miwissipian orpossiblv Do^oniim age espiwcd 
□t LoiiiStana, Missouri, has been tetmed Grassy Creek Sliak and is fccog^ 
nii^cd throughout ^ considerabk area. Obviously the name was derteed from 
a stream a fevt' miles distant from Louisiana. Black shale exposed along this 
strea^m, lioufever, is a dark meml^ct in the IMaquoketa Shale of Ordovician 
age- 

Names oi stratigraphic onih gcncmily are selected horn puhlislicd map. 
Some atca^ hnwei?ej, aie iiicompktcl}’ or inudcquatdy mapped. Otlios aie 
vvitliout suitable geographic names that have not already been used else¬ 
where. Consequently tlie selection of names for new ilnib mjiy pose ptof>- 
Inns, llie lack of a suitable new name near an excellent exposure may ncces- 
sibite tlie choice of a less dcsTrable place fora type locals tv. 

Some geographic names that are welt ki;iow|i locally bul liavc never ap¬ 
peared on miips liave been used fosriiatitni names, tii the Inv^i'er purtitiw of 
its vallejv the Kaskasldii Rivxr of Illinois is biov^-n a"!, the Okaw, and this 
name was given to an Upper Mksbsippian limL-stone forma bon- Et^rwhere 
local features tixi nnimpoitant to lit rtcorded nn a map liavc fumished 
names lor rock tuiiis- Lxarnplcs are the Confederate and Uriion Dairy Lime¬ 
stone members o£ tlie Hoxhar Fomiiihon ircnn.j of the Ardmore basin in 
Okhdunua. Tlicsc names were derived from an old soldiefs" home and a dairy 
farm, hi some atea.s lackiiig suitable names, a local feahin: has been chri^- 
lenctl minrmally and tlien this uame has been applleil to a rock mrit. Esam- 
pl© are the Spergen Limestone (Miss.) of Indiiina, misspelled Ftoiti the 
Traine of a hill m a formtr Mi. Spergecaii’s farm, and the Darty Limestone 
I Missj of southern lllinocs, anmed from a MnaJJ creek that near Mr. 
Dartv's house. 

In an indircet way, a few formations liave provided tlien avm names, 'Jlie 
Galena Ikolomite {Qrd. j received its ruiiuc from tlie dty of Galena* fllrnOL% 
which in timi was iiamecl for the minend rsIensively turned fnim thi\ forma- 
lion before tht Civil W'ar. Abo the Chcckcrbnanl Limestone Member of the 
CoSecvallc lArnnation (Penn.) of nurtbcTn Okbltrtnj wiis named from a 
creek m who^e bed tegular joints enbngcd by solLitum sepatate this fine¬ 
st one into large rectangular blocks. Some stratigraphic units bear geographic 
names that are now obsolete and pmeticaily forgotten. j\ii example Uic 
Borden Croup i Miss. 1 of Indianji. This was iiamctl fer the tow n nf Borden, 
whose name waj^ cliaiiged many years ago New Providciiire, The latter 
name later given to a shale formation included in the Borden Group so 
thevt two rceeived thcii nnuies from the same place, 

Subiurfdiv Formtfricufj 

Most fomtations and other stmti^aphic units ire charaeiCTizod bv and 
were named from surface outemps. Some rock un^ts noted ui well drilliiig, 
howrver. me not known at the surface or are uncertain 1 1 related la expos^ 
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stratigraphic secticiiis, fn the study of substirface geology, particolaily in oil 
fields, such luiits may be important and reqnirt luiuev for kJtii- 

tificalioiL Some of tliem have been lumcd from the fat™ upem which a welt 
was dniled This becomes the type locality, and the tecoid of the well be* 
comes tilt type section. Most subsiufacc tmih are of only local importance 
hut a few have received widet recognition by stmtigraphers and liave gained 
acceptance as units compambtc to more conventional units based ou surface 
exposiiTCs, A formation of this type is the Charles limestone (\fiss.) of 
Montaira. 

A few' names deuved from outcrop but no longer much employed for sut' 
face units coutLuue to be used for parts of the sulrsitrfiice jtrali^phic sec¬ 
tion. An example is the May^ Ftirmatioii (Miss.) of easteni Oklahoma, 
which B TECogiiired in wells on the basis of its lithologic character and strati¬ 
graphic position. 'Ihe vertical relations of this formation to its neighbors and 
its pissiblc lateral eqtiivaiencc to differently devdoped and ci3n.shtuted 
strata are not agreed upon. Tt is doubtful if espnsmes at the old Mayes type* 
locality', where the strata now arc knomi by other names, air characlerirtic 
of this formation as tccogniired in the subsurface. 

PERSISTENCE OF STRATtGRAPHfC UNITS AND NAMES 

xMo.st stratigraphic numcnebture originated in more or less restricted areas 
that include the type localities of stTatigrapliic units. In these areas useful m 
significant units svere distinguished and theit vertical reLitiom to nthei units 
were determined. Here names were applied lt> them. From there areas the 
units were traced laterally and the names iven; cunied tlirouglioiit expand¬ 
ing regions. Thus a name identifies sirala included between fairly definite 
upper and lower boundaries, but the lateral limits of the unit are not deter¬ 
mined. 

Because time-rock units are defined by time planes, they can he recognized 
as far as the time planes can be approximated and thq' pose no problems fre- 
Toiid the Identificatioii of those plaues, difficult though this mav be. Most 
rock units and particularly fomiations, however, are distinguished by litlio- 
logie characters, and changing relations resulting from both vertical and 
lionzontal litltologic variations introduce many complexities. 

Names and Indlviduolity 

Sedimentary deposition may be continuous tlimuglmut vm wide regions, 
but environments are not miifomi. Thus any rock unit, if it can be followed 
far enoiigli. is sure to diangc in litholc^c character, in thkkims, and in ite 
relations to ailjacent imits. Conreqiictitly, as a rock anit is tm-ed btcnillv 
from its type locality, its dificrcntiuHoii from otlien may become less sharp 
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and deal and te idctitificatioii may become impossible. Diffeient 
units in the same area ot ibe same uiiit tu dlEsetit aiess a^e eidL equally 
distinct, etjuaUy thick, m repre^^taiive q( equal iiiteri'aU of Ume. Some 
rinits^ of cout^« are much ns ore imiftimJy devetoped tlian others ai^d are iic- 
ognisahlc thnuighoiit miid^ bigei area$. 

BLcause of thc^e diffetences* all formatiom oi other loct units sue not 
ctjually objective or equally impottant Tlic idcsitihcatfon of a unit by namc^ 
however, provider it with a subjective individuality tltat serves to set it ajiart 
from all other srmilai nmt^+ AJso the ideotificatjon of the parts of 3= 

stratigraphic seclian by diHeient bui strictly compambld names scemK to 
establish all tmlb nf a single class upon an equ^il footing. Finally, the exten¬ 
sion of a straiigisphic name from its type loc^ty to ollnrr plates, ^htre lith- 
olc^c chatactm ot vertica] rdations are not tijc same, verves to disguise 
these differences and ohsemes the fact that the unit is not ractly the same 
as at its type locality mi cannot be defined in exactly the same way. 

The naming of stmta and the appbcutioEi of i he names thiouglioiit exten¬ 
sive a teas may convey a greater appeanmee of ccrusktcncy to the parts of a 
mnie ortes aibiiiarily subdivided stratigraphic section than is wairaiited. At- 
tenliou may become so focused on a name that its dependence upon actuiJ 
stratigraphic mdi'i'iduality is neglected, [n extreme cases^ a name may come 
to be considered more important than the strata it is intended to identify. 

The lebtions between 3 name and tUt fttofca it represents arc so dose that 
one cannot be considered without the other. The question of the iimited or 
extensive use of a rock-unit name slrould be answered on the basis of (1) tiie 
lateral Limits of the unit that the name idcnilifies, ^nd (2) She minimum re- 
quiiementi with respect to jimSafity in development necessary foi the dih 
ferentiarioD of the unit from uthers of its kiiitU 

Lateral Umits 

Some rock imits are remarkably wiifofiti and the extensive use of single 
names for them appears to be appropriate. Other strata change greatlv in 
short distances and one or mote related changes in n:jmc may seem desim- 
blc or nece5sa^y^ A lugica! decision teg^itdiiig the lateral limits lo he lecog- 
ntjcd far any unit and the areal applicability^ of its mmc mu.Sit late into 
comidcratioii fl) latml lithologie ainsistcncj', (2) eotitiuuEd siiitahility of 
boundaries, anti (1) rime eqnivakTire of strata. 

Tlii^ relutivc cmpliasis given to these three faclnrs varies considerably. In 
actual practice, lithnlogie consistency gienerally takes precedence m the char- 
actenzation of a rock imit. Important and abrupt clianEes in iKnmdaries or 
time value, hoivcver, may serinusty impair the practical usefulnevs of a unit 
thus defined. Tlic ideal rock unit that ts both a consi-Ucait liiliologie unit and 
a lime rock unit rarely occurs except in very restricted areas. 
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Lif ho/ogfc Combi^ncv 

LidiolDgic ccsMsIittun^ is unpartafit bccau:^^ most mck miits are recog¬ 
nized pciimTily by their Uitiolt^ic chaiactm. Contintiratis stxata of simihti 
codiposifioit und appeal mncc arc likely to b^r a single stmfigrapliic name us 
far as :iui.h simibTity warrants. Jn spite of all that can be said, howesTT^ the 
use of a single stratigrapluc n^inic su^ests to many geologists both lithologic 
STiiukritv and time equivalence. Roth are bnpojtiiiit^ and the i^iobtjon of ei- 
ther irnplication iieces^itatev increased rdiance oa the other i£ the unit is to 
be a tiscf ul one. 

Many lithokigicslly ckfined formations have boiindsiries alsovc and l^elow 
t\mi dev ustc somci^hat with respect to time planes. These fbnrmtiotis conse- 
qiicotly do not Represent exactly tlie same time mterraU from place to place. 
Some, such as the St. Peter Sandstone (Ord-J, transgress time pJanes impor¬ 
tantly and probablv siu_li formations would uot prove to be useful if they 
were not miujiiially wdl-uiaiked lithologic units. 

Fomratioii^ that ate defined litboh^giotHy are likely to be indistinctly hm- 
iled latcmlly b} gradiml change in their characterSi Tliey may wedge out be¬ 
tween unconformities, or between C(it»verging formations of dif¬ 

ferent lithology, Also they maj lie split into tw^o or mtme smaller units by 
the introductioii of strata of different ty pes or merge inbJ brger unit? w^heic 
boundaries sitnilat: to the original ones liecoiue unrecognizable. 

Coufistenf Botindenres 

A foirnatirm defined hy sharp boundaries such as uitcoiifotmiHes^ key 
bc?¥ls, or abrupt changes to contraisting adjacent formations tmy be rcrag- 
uiacd and kno%vn h\' the same name rn spite of finpcittdnt differences in 
lithologic composition in difierent arcus. TJie nature of houndanes may 
cimngc from place to place but, if it doca^ relations at the boundanes should 
be clear. Abrupt iteps iipvard or Jo^uw'^ard of rrnportant rnagnitnde are im- 

tiesirablc. 

In many aras the houndsrkts are likely to approximate time planes mthcT 
dowdy. If thcry aTt nnccrufornntjcs, the time value of a foimation may be 
somewhat variable frtpm place lo place but it is definitely limited. Thin per¬ 
sistent key beds arc kkcly to be time^Tock units. Similai abrupt titfiologic 
change throughout a considerable area suggests a unifoim. neirly siiniiJ- 
taneotis changt hi some rmpottau! physical betor tebted to depofsitijcni; 
oLherw^ise the sediments would change mure gradually and exhibit lateral 
traunfion. The Pahil Creek Limcstotic (Miss.) is a unit of thh type. It is 
charactoiizixl li>“ extreme lithologic varbbility hut is confined by slwrp 
iMJtmdimies between persistent cneilying and underlying sandstones. 

RckJc units defined hy abrupt txnmdarics arc limited laterally at points 
w'herc their boundaries ^onic indistinct or unTCCOguizablc. Although such 
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units may w'cdgc out bcucarti betwetTs uncunfomiitici^ lljtry 3it 
likely to mer^e laterally into stiatigGiphie sections that arc differently subdi¬ 
vided. 

Time Equivalence 

"rime equivalence b the basis for tlie identification of time-iock nniti 
wbeieveT tbey are recognised. Some rock units or units treated Like nock units 
also have been defined on a similar basis. Ilieir bonudafie$ are i^upposed, to 
approximate time plmies. and a single name may be applied exteasivdy to 
strata of diverse lEthologic de^tdopment not en dosed between any consist’ 
cut physical upper and lower tmiils. A unit of tlu5 kifid has no logical lateral 
limits but it niav wedge out abovcy between, m below imciinlxnTnitits- 

A time-defijied fonnation may be a lithologic unit at its type locaJihv bn I 
ib identification clsdvhtrre gcneEally depends upon what have been be¬ 
lieved to be cTract paleontofogic canelations. For example, similar fossils oc¬ 
cur in tlirec comporutivdy tliin Silmiaji fonnations that outemp in jrea*h 
hundreds of miles apart. Tliese jre the Br3$$fie)d Limestone of cCTitraJ tCen- 
tneky; the Sexton Creek Limes tone of scmtlicm Illinois, and the Kankakee 
Dokmiitc of northern Ulinob. These format ions do uot resemble each other 
in appearance and it is doubtful tliat they can ever be proved certainh' to be 
of cxacllv the same age, but some geologists advocate usmg llic Kentucky 
iLamcfor all of thenn 

Auutber linicilniic rareh as much as five feet thick ui southeastern MV 
sbuti and the neighboring i?art of llliimis carries the same the shaly 

Fcmvale Formatinn (Drd. j of centra! Tennev^ce. Because of cemfident ror- 
tebtmn in the pvt, tire southern name was carried into the Mississippi ^■aI- 
tra. where it is s^ll hi use in spite of present opnnon that ages of the straU 
iri these Uvo are^s arc not the same. 

TbeClen DdUi Limestone i Miss.J is marked by certain faiJinil peeuliari- 
lie* In sou them Illinois and weiteirr Kentucky, where it lias been extensively 
rfUtngni^cd and tnapp^. Similar fossils have lK:cn foiiiid at i fw places east 
of the Cimhiinati arch in eastern Kerrinckj and the western tip of N'ltgima. 
The name Clcn Deiii bait been tipplial to a formafcitm of hcterngcneou5 litlio- 
logK composition m rhe latter state, where its houndurres arc not snihlar to 
tlioscin the type area and it almost certainly reprKetits a considerably longer 
interval of time. 

The Salem, or Spcigeiu Limefitoiie iMLssA of Jndmiiji is a well-murked 
rock unit identified by its oolitic character and peculiar fc^ssHs. Smn'IiiT lime¬ 
stone occupying a miiiLir^tratigrapliic position but ^ftittioLil the fcrsi^iU neems 
in the Mississippi \‘alley south of St. Lmiis, where the same names Jravc been 
used. Fartlicr north in wtitern iliinois and Iowa thcise names also have been 
applied to entirely nmjooMtic and somewhat shaly and sandy strata that ex¬ 
hibit no similarity to the origiml Indiana formation altlioagh they are be- 
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liev«I to be approximately tin>c Miiiivalcnt. iti each of tboe examples, 3 for¬ 
mation name fias been extended much tarther than seems advisable, TTieie 
is very little reaso n to approve such practice. 


Intertongued Units 

Vlany sttaligiaphic successions consist of altcmatiu^ beds of hvo contrast¬ 
ing kinds of nx't such as shaic and saiidstoiie or shale anti lime tone- If the 
beds arc thin oc impeisisteiit they may be too nnimportaTit to be considtTCd 
mefc units in any cbssificatiori. and together they arc regarded as (xinsti- 
hiHng a fonnation or a member. Change m textme or composition of such 
beds or uedging out max occur gcadnally, and an important change in the 
lithologic proportions or the complete disappearance of one kind of rock 
may be considered sufBdent t<i a-arrant the Tccognilioti of diffetent rock 
Units, Tlic eradufll nature of such lateral change, however, provides no sirarp 
boundary, and separation of the units must be made in some more or less 
arbitiaiy way. 

If the alt^atiiig rocks are thick or if tliw ate unportaiit for some other 
reason, the alfeniatMJns may lit t^rdc-d as rock units and receive formal 
stratigraphic names. If the shatigtapbic section ciuiugies laterally at just de¬ 
scribed, the alternating ittiits of one litliologic tyT>e no louger will be sepa¬ 
rated from each other by units of the other type llial have wedged out. 
Where similat units come together, diffiermHatitm may he rmpossiWe and 
the new, more inclusive units may twjmre rccfjgnition, One krnd nf rock 
may be eliminated in one direction and the other tnay disapiiear m the op 
positc direction, '11ms tsvo tliick lithologically contrasting units may pass 
into each ntlier by iirtcrtinigumg ( see J'igiirc 19], p. 501 L Such rdutioiis 
provide problems in nonuniclaturc. These miiy be approached from the 
standimint of dthw (1 ) the sninllet alternating tmiti or (2) the larger 
compnsitc nmts. 

Pemj*rl™ni£i/tSfndc5f in lumsiis 

III parts of the Peimsylsaniau System of tastem Kansas and Nebraska, 
cyxlo^eim are incompletely developed and important portions of the strati¬ 
graphic section ocmist of alteruating slnile and limestonE beds. Must of 
these occur at definite stratigraphic posiitiems and are persistent for long dis- 
ttmres. Manv haic Iveeu recognised and named as mentbets of somewhat 
complexly constituted practical fonnations tliat dn not correxinmd to cy- 
clothcms fsee Figirrc TIj. As they are traced southward, many of the lime- 
stooti Lliin, and some wedge out and disappear, Mlicre this occurs, two or 
marc stialc members merge and lose their indis-idual iejentity. flere the 
names of the sqwratc shale members are useless; brger etmiposite shale 
members require recrrgnitioii. New names might be provided for the neW' 
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units but if this were dnne a multitude of numes of only local applicabilfty 
would greatly conrplicate an ahesdy biMdensoine iiamenizhtur^. In order to 
iTOid tltts unwelcome iJossihflity and to keep nomeuckture rdativdy sim¬ 
ple, the composite member are designated by Jiypheuated iiames^ 1/ one 
limestone disappears and bvi> shale member mergC:, thdr mimes are joined 
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Figurt 172 . DlDgiTiin iiipwrng loiej^i vaiiutlona In iK? lirartgraphic r^toTiPni of fnrma- 
ti&ni artd fOlM erf Iheir Tin psul of the Penniylvonloft Syirwm of edirttm 

^onEcu and lh« nomeirtlotufe appKMd lO Tham. Compore witfl ftqurt 2 li; p. 61 J. NortK 
rhor bovndarifri of IliT^eflQne fonmitkmi Cut OCfOM rfiolfl rnBinrb^rv aF ptacPi 

whar* the uppet or ioww limextijne mirtibor* wedge out cuid drioppiaj ThSt CMfejmti 
to iho pmclicH of arbitrary veOkal CufirfFf UKd to define tbt llmiti of Eomg itnzlTgrophsi; 
bodies (n areas nf lirlitrol lifhoToa'tr ironiiiion Siw Flguri iMj. p^ 5091 . (Adapted ffom 
Moor*. 1936 . Kon, G*d. Surv^ &u[L 22 . p. 36 , Hg 6 A.) 

b\- B tiyphen to tdcntifj- ilie new unit. If several Uniestotio pinch out imi 
several slialcs cosilescc, the namci nf the upperniosl ami luwrtmoit shale 
mernhm are hj-plictratctl and thus dclitie iLc stiafigTaphic qian of the new 
unit. This sj-stem is se:) flexible and can be applied to almost any situation 
that arises in an intatongning stiiutncc. 

Mfliicos—M«wl \^eTde TraH'SrfjCfrt 

Ejrly field work in the southern Rocky Mountains region revealed the ex¬ 
istence oi a thick body oi marine l-lppcr Cretaceous shale in some areas aud 
a tliick si]i^:essk)ii of coal-bnmiig Upper Cretaceous satrditoncs in others. 
These were named and mapped as the Mancos Shale and the Mesa Verde 
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SAncbtotit, Later iriv'c^tigatrcm& piryved that thse fotmacienns ate approxi- 
tnutely ttpii^'alent and gmde into each ether by btge-^calc int^onguin^. 
Litholoi^c complexity qf the Mesa Veide Sandstone led to its being up¬ 
graded lo 41 group^ and some of its suliorditiale fnnnshoiis have been subdi¬ 
vided into membtn. Tlic Atancoa Slialc, hoM-rvci^ is much more uniform 
and lias mamtairkcd its status as a fOTmaHoiip but several tongues have bceri 
named thal petstst foi many miles bet^veen extensions of Verde mem¬ 
bers. 

Although the sti^itigrapliic rebtions m the zone of mtertonguing aie not 
particularty comphcatcd [see Figure 19L P- >01 i. ihej hi>vc resulted in disa¬ 
greement conteming proper elassificnh^in and nomenclatnre of the altcmat- 
ing lithologic units, lire trouble seems to be that emphasis has been placed 
upon "fufinatimi-t” which canvcntionally ovedie each other m tegular aider 
JCgardless of whether tlicir bomidaiies are pbues of equal or tr4msgres.sitig 
time. According to this concept* stoutly nmmiaiiied by shBligiaphers, 
Utholagic bodies may mtertongnei but fonuaHons E^nnot do Conse¬ 
quently it has been considered necessary to limit the formations laterally by 
arbitmn^ vertical cutoil planes and to consider Mancos Shale longues Umt 
extend beyond the boundary to be ihalc mimibers of the Mesa Verde Sand¬ 
stone or vice versa. 

Sucli a convention undet these ciixninistances seems to be tmnccessaTy* as 
well as artificial. If emphasis h iTansferred to the tougues, which are the units 
of local importance, they can be rmuiedt mapped, and described in as 
nnich detail as is required, fn ttiis w^y they introduce no more dlfBciilties 
than if thci' i.veTe members uf n entivenrioTial formation consisting of alter¬ 
nating Titliokigic nulls. In this p^iiticul^ ense, howe\^ei, uo sudit faruiatioii 
would be recognized in the inlrrtongcd area because it would only obscurr 
signiEcant lidiutogit rektioiis. Instead of ticing considered a lumbeT of a 
mixed forniatJoii, ^ch unit can Ive iccngiiizjcd for wlmt it really is, a lateral 
uffshout from a larger, well-chsiractcrized htliologic utiil. The distinction |>c- 
tween H member and a tongue should be iepl cleaij A menibcr is a subordi- 
uaEe siraligfiiphic unit srithiu a fomiation. A toiigue is a lateral extension of 
a portion ijf a formation lying bL-tivcen units that are not meuibcts of ttiat 
formation. 


Ext«usivB Versus Restricted Formations 

Ibe application nf stratigraphic uames and the recogtiiHon of ttick units 
tbTougiinui Tvide geogfaphic areas ha>'e obvioos odv'aiitages beeuuse rbe 
luimbcT of units tlius is tniiiiniiicd and the necessity of remembering a mul¬ 
titude of names and tlicir defiiiitions and mutual relations is reduced. 
however, the extensive use of a few^ names obscures or distorts Ihc true na¬ 
ture of evier<liimgijig stratigraphic rektiDnahips* which stmtigraplieis at- 
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tempt Co decipher and interpret, ane of tlic most important objecth^os of 
stratigiapliie investigation is seriously endangered 

Tljt details of Icscal stmtigrapkic lekrions can be shown best in temts of 
rock imits doseh adapted to local developments that raiely are exneriy the 
same in any two areas. If statigiapliic bubdiv i^ioo were to be miide only on 
this basis, hcpwcs^cr, a bewiidcritig multiplicity of humations and fonnatjon 
names w'ould be required and little if any sense of nniri' w'ould be apparent. 
Consequejitlvv an intermediate position mitst be sought. 'Ihere mast be a 
compromise between a desire, on the one hand, lor shiiplinh' in nonicucla- 
tiirc thut cmpliasizos rcgian^il similarities- and a ou rite other, far de¬ 
tailed accuracy with respect to IcKra I rdations. 

VVTth these objectives in mind, sevcml priiicipls may i>c suggested to aid 
in the selection of dcrituhle laterAl limits ol fonnation!*^ rind other mck uinb, 
and in the extension of theii names, where strati are laterally continuous or 
arc presumed to be of similai age. Because it is desirable to recognize units 
and to employ names thTOUgbout as large areas as. is reasonably prncticabkv 
and thus hold their number to a tiiinitutim, these principles ate stated nega¬ 
tively, 

1. Oidiirarily ;i imit should lud he rcccjgnized bL 7 ond a point wlieie im¬ 
portant Eateral lithologic change occurj and the strata no lunger possess tliosc 
particular lithologic features which serve to characterise the unit at it> type 
locality. 

2. If precise boundaries arc relied iip€)ii to define it. a unit should not be 
extended beyond the areas where flickc fjoiindarics or clcisclv similar ones 
are clearly recognizable and continuous, 

1, Ordinarily a locfc unit shmdd not be extended or ideulJBi^ solely < 3 n 
the basiis of palecariologic characters. 

4. A unit should not he extended beyond a single basin of deposition or 
info remote sepamted regions, 

>. in the absence of evidence of subsurface coutiuniriv a iijiit should 
nut l>c recognized m outcropping zones <in opposite sides of a large liasin 
unless the strata arc suniiai and die $l;iatigraphic relations arc cleiirly the 
same. 

6. Simjki restraint shmild be otciciscd with rc.spect to strahi tlial arc sepa- 
ptctl from tacli other nn the oppovitc fhuiks of himui aiitidrnal struchircs 
like tilt Cincinnati arch; thc$ame nauit s-hoiiki not l>c used Einle^^ the strata 
closely resemble each other hthtilogically and the stratigraphic rciiitions are 
clearly simtbc 

Sub^urfacs Requirements 

Stratigmpiuc classtficatiun and nomcmcLitiiTic arc krgdy the products of 
iinfacc ^fnatigroiihU: sludies conducted by field gpologi^ts w hu havx observed 
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□utcRips and traced outcrcip eontmuitr. Tht oiitcnjps so studied generall)’ 
LTstend in bands; or zones along the strike of dipping strata. Consequently, 
bteniT grittahEin and litholcjgii; changes coiiimoniy have been considcrcfl ex¬ 
amples nf simple linear vaTiabilitj. OuUtop bands occur, oj> the one hand, 
oil the hanks of upIlfLcd areas fioni which strata have l>cm stripped bs eio- 
siori oraccosis whieli depOMhon wa^ not continnnm rtnd, on the other, along 
the maigins of dowiro^arpc^l iirc^s nr Ira inns into which the strata ottnd utt- 
dcT the cover ol younger beds. TliC proportion of strata of any age that ac¬ 
tually are a vaibblc to direct obsen arion in die bands of outcrop i% restively 
smrilJ iu comparison wjih the total cs:tent of these ^^traia either us tliey for¬ 
merly iKXTJTred or as they now rcnmiin \Mren the areal extent uf itrata is. con- 
sidered, the problem nf luterul gtadatfcui and lithologic cliangc acquires a 
hrTnJimensioiiai aspecl" that is miidi mure complicated tlian the linear rcEa- 
buns obsenabJeiii outcrops. 

Stratigraphers* of course, are ctjneemed wibi tht^ liiTger problems ah 
riiuugli iniiuy field gcojcjgists sccni to lack appreciation of biiem. Subsurface 
gcologiit':, hawcvcf, are actuslouied to diciliiig with areal proldcms iind Jat- 
fral van ability that occurs in twrj dinieimoiis, tliey commonly are mter- 
ested in rcktively cxietLsive regioni comb luting indhisibk nnih. Conse¬ 
quently subsuffacc requii^menh with respect to stratigriiphir elassiiicatjoii 
and nomeuebtiire arc Likely to be more riiFficutt and more demanding limit 
those that satisfy the needs of surface !itrarigraphy and nndinaTv geologic 
mapping. 

Soineivliat areally leririctctl, luteraily ginduHoiiul fotmations may lie most 
viiifable for cnitcrop studies and vurfacc mapping bul are nicorivement or 
unsiiti^fadoiy for subsurface -vvink. Even the recuguilioii! i>f hvo nearly idcii- 
Heal fumiaticnti and fwo almost synonymous numes is likely to \k confusing 
in .1 hmm area whose dcpositional and .4nictimil Instnry h licing amsidered 
as a whole. An CKunijile ls provided by the Galena Dolomite and Kimms- 
wick Limestone fOtd.) of tlic uppei Mississippi V^ullcy. ITicsc fomiatjons 
outcrop iu different Jte:as. Iifach is * 1 . sveH-uiatkcd lithobgic niiiE possessing 
eliamcteristics ilifferrnt fnitn iliinc of tlieotbei. Both, names are wdl known 
and have hetu uved ennaistenlK for many yean, beneath the cover of 
ymmgci beds^ hnwcvcii thi'sc forujiitioiis are Ltansitioiial. 'fhe change ectun 
50gTuduallv tlrar no satrsfacton abrupt di^-isinn Itetween llieni tan t>e made. 
In the subsurface they conslihitc p single coriHtiuniu unit that needs a sin^e 
name. 

Stratigrapliic imils Lliat do not correspond with eonvcntiorjaJ surface for¬ 
mations ttmy be more u&elrtl in some subsurfact studies ilian ihnsc wdiicli do. 
Sumc Tiurkons or tlim 7 /ines identified in detftic logs or by otlier means may 
be tmecd acfONi iiTCavnf lilliolugic eliangc where tiit relations uf tormatiuns 
ate irregular cr cdjscnre. Strata between sncli Imrizoiu ot zones pin vide in¬ 
formal sirpplemciitaJT stratigrapliic UTrits fur wliiclt the term fonnat lias been 
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proposed. Formats are rock imits, although possibly many of them may ap¬ 
proximate time-rock units closely. 


Polrtical &oundories 

The lubdhTSiotis tecogniied in equivalent parts of a stratigraphic section 
and the names appltod to the resulting rock units change fn dififeient ams 
because ft) totcial Hthologk variations or changed stmcturol relations re¬ 
quire different treatment, and (2) units and naities that originated m diSer- 
ent areas have been extended until thej' meet,. 

Lateral lithologic changes are inevitable in any extensive region of sedi- 
nientaiy deposition, llie changes may be abrupt or very gradual. In either 
cose they may make diaitges in stmtigrapluc daisiScation and nojiiciiclatine 
dcximble oi necessary. If litliologic tiausitiou ii abrupt, there may be no 
qitcstioTt where these changes should be made. If, however, it is gradual, 
there may he considerable areas where either nf twj systems of claisificahon 
and nomenclature might be employed with cqimhatisfaction. 

Most of the early stratigraphic studies and geologic mapping in the eastern 
and central United States was accomplished under the auspices of the several 
state geological surveys. Much of this work lacked coordination fioui state to 
state <it even from area to area within a sin^e state. Many different stiaib 
graphic sections were built up that varied greatly atiiong tliemselves with rt- 
spoct to the rock units recognized aiirl the names selected far them. With the 
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Figura 173, Diogram ihcwing v^rictioni in iKt nemBnclotUfc op- 
plied tQ rile bawt parr of ihe Upper Cumbrian in the upper Mliiisiqppj 
Vtalley, Cenfinlon ifl UH of tbe noma Draslmch it pDri^ularlr nOlice- 
able. Skibdmiiont af rtih toclian hove been conttdarBd toremiiont or 
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passage of of these differene.^ have been eliminated but others 

still remain as the tcsolt: of diSerent loral requirements oi bccsti^ of habits 
and prejudices mhented honi former days. Thns it is not uncommon for 
simta on the two sides of a state line to he fouied differently mto rock units, 
ir>T the same units to be known bv different o? for the same name to 

be used in different ways. 

As an Gcamplc of adjuiitinEnt, Lfie old name Mitdtd LimcstiTno (Miss.) 
fonnerly used in Indbna has been abandoned for strata equivaJeot to the Sl. 
Loais and Sto. Genevieve limcstoues of the ^fiss^^5Tppi V^alley and these 
names have now replaced it. !n southem W^iscomin, the: Dreshach Forma¬ 
tion (Camh.) is divided into three members, but across the state line m HU- 
tiOis tlie^e mcmbeis are tofisideicd to be fonnatioas and formeily iJie name 
Dreshaclj was u.scd for only one of them (see Figme 173l_ Coal No. 6 is one 
of tlic mrat important coals in Uiiuciis. In [ndiana this ^me lied is known 
as Coal VA and m western kentucky it h No-1 Z ctsaL 

Prilitical boundaries are not Ukely to correspond with mturjJ Lilcml strab- 
gtaphic boundaries. "ITic changes in strati^phic tTentmcnt ^t such places 
may gh*e the erroneous impTC^iorj that hthologic changes are more abrupt 
and more iinpcntiint there than thej' really are (see rigintr 174 J . If changes 
in stratigiaplnc i»iibdivision or nomenclature are required, however, and no 
more IngicaiJ dividifig line is indicateth 3 state line may be an advantageous 
place to tfhxt the change, li may be poMihk thus tii preserve some old, use¬ 
ful Atid well-known names and amid the confttsion that commjanly attends 
changes m n cimencbtiire. 
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1?4. Mufrh-^fie^F?1iz£d Efiagrain ihowing fhp i\mm dtut Iditfdl FeJci^ 

IldrtV of Paldoiole in poirt^ aF Artzarm and Nt?w Ma-xlcd. Forma' 

lidm oF dNf'^rajil reco^niied tn fKe^e neign boring are ndw bellovodi 

TO hdta been IclBrallif csM^linyflv*. &odi fhft irmduono and uppar litftft- 

ifwm %mSi» appour fa fr&Pt0r»i fitnc ptane* noci become ypongai di thoy oro 
Irocod ffom wail m edit. SabJni, ^^57^ 0 mP f- Am. Asioc. PePrt!*uriT 0«o^. 

vcL 4\t p. A7L fig. 

Conduslons 

The pTtxeding discussions clearly show tliat Uic tnetliod of subdividing 
and giuirpisigs-tiata into roclc iiaits and the election of tuimes tu be Msed fur 
them ate ndthtr simple nor ccHuin^ Many pspcijh of tUe prohlcms involved 
are vid^'cd diBFtrrenily by different persofis. Divci^ciit opinions are inevita¬ 
ble, If it IS leilizcd that no mtem of cb^ibc^itiori and no sdetHon of nimies 
can meet Hie needs and desires nf all slraligraphers, some of the inadequacies 
and di$;etcponeics of the many JS'SEcnis now m use will bc uiidersEwid and 
viewed itiore leuifnlly. Jhtse systeins liave grow n up gradually ovi^ the yeara 
through the nticfxudinatevl iv'otk of many geologists, and some of their Fca- 
hirtu hawas mneli historical ^ natural significance. Dctailv of tht^sc vystems 
have been changed in the past and more diaiiges undcnibtedly will be 
made in the futinc. In this w-ay CTstenis of ckssificatiou yiid iiomencbture 
have evolved and they will continue to evolve into tntreasingly more useful 
and nieaiiingfiil patterns, 

REDEFINITION OF STRATIGRAPHIC UNITS 

Many itratigraphk: imiti of all cat^oiies nud clashes have been redefined 
dr Itad their Ixirmdarics shifted with the purpcjse iif correcting wntic real or 
imagined fault in a former dcfiuition or of imprrrtmg tlic uiulerstandijig oi a 
stratiginpldc section. Some liave been altered repeatedly. Any change iu the 
appheation of a mmie to strata* huvvtwer. invites mimndmtjnding anti con- 



























Sm^TIGiL\?HIC NOMENCLATURE 


477 


Eision becairse the nicaniTig of the name chaiiged 1 bus wliat appears ro 
be a single definite unit iiia\ actually luivt been unite different at different 
tunes Jiid, if a piupfjhsed rcveiiun of bonurkrits were not repjgnimi by ail, a 
sEiigle name imgbt iJeutify differtut iuiit$ to dificrent persons at the same 
time. 

The CarbondiiJc FormiitiGn or Group ( Fenn.] of Illinois provides an ex¬ 
ample of Tcvisions that first corrected a mistake in correlation and later 
sliifled boundaries to con form to ^ different sv'sEem of stratigtapliic classiBca- 
tion. Tins tianie was iiitiodnceil for a formation extcnduig fruiu the base of 
Coal No. 2 to the top f>f Coal No. bttausc this intenal was recrigiiized to 
include most of the commercialh tmpoitaiit coals of IlliiiDis. Moreover 
palcobotatiic con elation h^dscated age equivalence to the wclhknawii Alle¬ 
gheny Eomiation of the northcEU Ap 
pabchhm region. After many years the 
discovery was nude that Coal No. 2 at 
Murpliysiioni m southern Illinois is 
not ihe same as C03.I No. 2 at Cnlchf^s- 
terin westtrm minors but lio! appioti- 
malely ZOO fed lower stratigiaphically 
Tilt Miitphj>bcJrD coaJ cju be identi 
6ed iu Quiy a comparativdy small area 
and tlicttforc b ttoi a satisfactory key 
lied to mark a bciimiknH ConsC' 
iltientJy, llit trtucli ttiorc persistent 
Cokbestcr ciral accepted as the 
l>ase of the C^rt>r>ndale and this for. 
maboii was itrs trie ted co^Ttspo^dll:^gly 
in southern Illinok. FIiC lower Aik- 
gliCTiY fliira^ how eve r^ that was one of 
the main consjderations in the original 
flcfijiitifin of the Cariiondalc Fonnatittn 
occurs associated with the MinphyT^ 
bom ccKib so the change of boundary 
altered the definition of the forma¬ 
tion in tins way also. Latct, wlien the 
PciuiiySvaiiian of llltrtfiis was suhdi- 
^‘idcd into cyclntijemv, tltc CatboudOlc 
became a gmiip. Its boinidaries were 
shifted to the ba^c of ijie sandstone 
tmdcriyuig the Colcheslet coal and to 

the base of the sandstone ovcTljing Coal Nn, 6 in utdor to make I hem con* 
form to the boundaries of c>cTothems. 

Greater adjiisimeiiis are required Ef a unit b restricted within limits niucfa 
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Figure T75. Tbn Cild St. tcKin Unw- 
lion-e (iWiti.' <if Mliiliiippi Voi- 

l^y liQii bmwFf iUbdivlded> fimd ihe nf 
iht name ffcifHctfld TO th* Twid¬ 
dle porr Off ihit iPratigTOptlk TJ>9 

bweT and vpp^* pOltf [tow lecog- 
filled cth dliHncl foTmoT^ns krtewn by 
fiamM. Hiui ihe meaning of the 
name St. Icuh hox bean rcidi:Coll]f 
diEmged- 
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iMftov.'a rlran thoM it ofigiiiaJljf possessed. The St- Louis Limratitnc 
(Miss.), for instance, once incinded all strata hi the upper Mississippi V'allej' 
Ijing between Chester beds above and the \S’amw Limestone l^Iow, as 

shown in Figim: 175. Later 

Atabsmo AInbafnq Georgia 

1890 1936 1942 


Bangor 

Ls. 


Pcnmnglon 

Sk 


Songor 

Ls, 


Horiiell 

Ss. 


StcLGcnffvi'cvc 

U. 


FK ftayne 
Oierf 


Gasper 

Ls, 


Pennrngiori 

Sh. 


Bangor 

Lj. 


Si Louis 


Warsaw 

Ls. 


F+h Pnyrie 
Chert 


the Ste. GcnmcvT Atid S 3 - 
lem lLmc5tone!i^ fir^t recog¬ 
nized £ts separate formations 
m distant siesSj gained bio^d 
acceptance, and strata prcif- 
eul in the upper and lower 
parts respectively of the orfg- 

iiiii St. Loiii'* Vicre assigned 

to iliesc farmaLions, Use of 
the name St. Lionii tlien 
festiictcd to the rctuaming 
inten ening beds. In contrasty 
the \Lidtson litnestone of 
tire Rcxky MoixtihLtn region 
(see h'ignte 160, p. 421) 
^uKdivtded, but new names 
were piDvidcd fur all its 
parts. 

The Missi^ippian Sptem 
in ncirthem Alabania origin 
iially WHS separated into two 
fomisHimiS, an upper calcar- 
etm? imil, the Bangor Lime¬ 
stone, anil a lower siliceous 
imit, the Ft. Payne Chert {see 
F igme 1 76). Subs«juent]y 
the upper unit wav divided 
into four formations and the 
iianie Bangor was restiicted 
to one of Litem. Still latcr^ in 
Lhe neighboring uf Gcor 
gin. Ihiee of tlie Us! forma* 
tims nofc dhlingnivhi^ 
tnd the natiic Bangor was 
med rn a muclr tnoadcr sense 
approaching but not etjmh 
ing iLs onginat definitinn. 
Many so-called groups, more pnjpcrly considered stages, have been altered 
and rcsTSod repeatedly by the addition or subtraction of fommtiuns, Gcn- 
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DthoTiH l^^&r GeoL Soc. Amw.* yoI, 59^. dlnii 
niter p. 196,1 
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erally these changes have itsullo] from the acqtiisLhion of new oi the re- 
naluah'ots iif aid mfoinution fritli respetrt to the relations of fostl hums. 
Opininns as to whether a particishir buna is mate simihir tci the tHiina of 
overlying ur underlyuig beds are lively to sony and be disputed. The not 
untxiinmon lack of a^cenient in these matters indieates tint the boundadcs 
of majiv unila are very jJthitraii’. 

Tlie fact that mTsians aiid refftrxcttotis of stiatigraphic units have aketed 
ilie meauiugs of mimy j^tT3ligraptiic naiiies is ILkelv to escape the notice of 
tfitjsc who ate fiot acquainted with the ]mlmy of stmtigraphic investi- 
gations and ah the literahire diraiing with the geology' of an area. The oact 
dcfinitioni of a stratjgtaphic unit anti the esact mining of a stratigraphic 
name are very impoitajit in correliitioTi and sttatigraphie intciptetatioii. In 
order In be Cdhiin in these fnattei^; it may he necessarj' to eiicfiil note 
□f the author autl date of u geologic r^ort and also of the loc-^tion of the 
area concerned. 
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Lateral Variation and Facies 


Om-V casiinl ot»erv3(jcm is reqiijMcJ to dcmoastifltE that sediments of the 
most diverse h-pcs are accumubCtng simultaneously today at ftiffFTppii places. 
It is atso evident that the kind of sediuieiit bem^ deposited a! any place is 
determined by locaJ dicumstances and comBtiont, Tlicse rtlatiou^s are not 
unique lo present time but have existed Liuoiigti alJ pasl ages. Accutnuluting 
sediments have alWiin raried laU-rally, likewise coiiditMjns Itui'c duniged 
from tiine^lo time at any place and these changEs arc reflected by veiticaJ 
scdinicntary variation. 

\'cnical change in lithnlc^c character is apparent at almost everv out¬ 
crop. Jt is sn bmihar lo all geohjgists that it js accepted without reserve as an 
almost universal featuie of sediments and scdimcnfaiy rucks. .\1] gecilogists 
also leahzc that lateral variabon must occur. Some, hnwever. lose siglit of 
thi' fact liccausc the}' are conditioned to think in terms of fiimiations that 
persist throughout more or less extemive areas with a miisidemhle degree «f 
uuifcrmiih' ami because lateral inriatiuii generally is not abrupt or obvious. 
.Mthinigh lateral facies variations ha%-e. been icttigtiiTcd for more than a 
century, habits of tlioiighl inherited ffimi the Wernerian era have Iwcii dif- 
ficnll to shake off cumplctdy. 

William Smith's demonsirariari that similar fossils identify tlic same fot- 
mation at different places induced the couiucrthcfircm tlrut diHeient fnssils 
indicate formal ions of diBierent ages. Tlmugh the first gencrallv fs correct, 
the second conclusioci i\ neither logical not true but it hiii cniitribuLed to 
neglect uf the appredalioii that Liteial cliangc rather than uniformity is the 
rale, This vicwTroint has smsivcd into the present fcnhiry' and there have 
bcai uiAucuiial pakoiitolDgisls iunl stratigiuphen wIid mrnimizcd the possi 
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bililies of fmportaiil variation. Tlie iatisfactcr)- tmtanglmg of 
iriuiiiterprcted stratigraphic rcbtiom, ^«ch as imuc of those involdng lower 
Palccr^nc formations in the Appalachian region, has required the develop 
nient of new er >icwpoint5 by younger minds. 

LcUcial %'anation and facies changes obscure stmEiigTaphic rebhons and are 
responsible for imiiy uDcertainliEs and disagreements. UiiderstarKiitig of 
the impartaiicf of facies mbtiaus in ^edimentaiy' Tt>cks, however, has grad¬ 
ually mcie^scd. Tlicsc tebtioos ace uovv recognized to be particularly signifi¬ 
cant m connection mth cottelatinn piobletiis and the uitcrptetation of cn- 
vimumcntal condi tions and pa Icugcognipliy. 

LATERAL VARIATION 

Lateral variation in scdnneritar} deposits is expressed in (I) changirtg 
lithologic chaiacters. il) changing thickness, and (5) inegukrities of struc- 
tutemaUing frcmi dqjositiorr m luicveu suifacts. 


Lithologic Voriation 

Lateral lithologic vadabon in sediments and sedinicntanr^ rocks jtiay be 
gradual or abrupt, the difiercnces depending wpon distinctness of liound- 
ariei sqiaratiug deppsitional envlmnmcnls of divert types. Bee^inse ut 
rather ckaracteristlc diffeTCncei in local intCTtnviromncnta] relaliouii dh- 
tiuitiiju gencjally can be rnatle between Intcnl vuriatiuni in j 1) fluviaJ de- 
pwds, [Z) hUofft] deposits* ami i i) murine deposiLs. DqmsitiDia in bi^e 
lakes ^■aries umdi Lke that willitd the sea* 

fTtivii/ Depofiti 

! lii\-ial deposits may be divided into clmnucl and flood pbin fades The 
nioic or less constant ihiftiog ol channels is likely to result in ci>mpfex oasch 
ciatiom. Deposit ion in hotli euviroiimciiU is couboDed by cmrEiits^ In 
chaimdi the currents arc rebtivt^ly strong rtrid estieniely variable from pkee 
to pluec and frein time to time. Ccmscqueiitly deptisib Arc equally vudiihle 
and c<insist of retativdy cnatse sediments in tiregubr beds of limited eaten!. 
individual beds commoidy 3 re lenticular or ihmv rapid textural gradations 
and they nre likelv to he separated by niinof erc^onal suTftiecs. Complete 
channel fills ^rc long, generally [lamnv and sonicw^hat sinuous bodies of 
coarse sediment that dthet grade LiteraJIv into finer mateinai or occupy de¬ 
pressions ennksl in cddci deposits (see Figtires ITT and 178), In arras of 
very active aggnidatinri* a.v on growing alluvia) fans, well-tniarkcd channels 
an: less Itkely to develop anti deposition occurs irregtilaily ovge bmad im- 
hm accompanied by much local scouring that produces cut and fiU stnic- 
tures. 
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More or less slack-i^-atcr ooudiiloiis isccin; 
or currents art vciy gentle, ai.ibii3c tif chan^ 
ncl-waj^ at thnes of flood. Therefore:^ flood- 
plaiq dept>sits are di&uicttTistiealIv both 
finer teshired and more rtgukily bedded 
lliftii those of channels. Sediments may □{> 
ctir in alternatii^ coarser and finer layers in 
j vaive-hke numuer. In the absence nf elian- 
ncLVf flood-plidn deposits uuiy be difficult to 
clistinguish from sediments kid down in a 
sliallow littoral enviroiiuient protected from 
the acton of strong waves. 

On the wliole^ fluvial deposits are marked 
by gitat megnlarity. Fades differentiation 
is likdy lo be impetfect and indistinct ex- 
cqjl 01 local ^imis and restricted sbatigraphit 
zones. 

Littordf Deposits 

Deposits of the shore and iihallow-w:itei 
littoral zone are not abundantly aiTailalilc for 
oliscrvation hi auciemt sediments. This is a 
zone across which most marine detiital sedir 
ment must pass^ hnt little finds a permatieiit 
resting place thete unlei^B !evd is rising 
or sediment is especially ahimdaot. Deposits 
of tills zone become immetliatcty subject to 
caitmon when sea level declines and ate likely 
to be rapidly destroyed. If they remaiti^ the 
deposils of ll\i% relatively nam^ zmte rarely 
coincide wntli outcrop trends. 

Uttoral (leposifs gcncmlly reccFtd restricted 
en\ iranmenb that are related to neame^s of 


Fig^trv 177. Mop itunvlog the 
diitribvMofi on6 le^ailofu d leneo 
iSondtlBoe iMbt.ll cKopHietk in port 
el norrb eentrol Oblo. TIte poiiem 
iiuiketed Kere vhrfting 

dmtnsU iimTloF fh«e thei time 
hBmf\ eocupied bucccsikily by 
nwdam rTrerir Pepper and 

1954, U.S. Geol. Si»rv., 
Prol. Fap«r 75% p. 4% Afl. 38J 


the shore, depth of ™tcr, ar^d effectiveness 
of action. Lateral v^iriataon is most pro¬ 
nounced in zones parallel to die shore. Sand 
couimouly ri dqxMited in a reJariydy narrow 
bind extending ouhA^ard from the ticaeh to 
4 depth of not much moie thin tlurty to 
fo^ty feet^ u'hcrc it guTss way to stlty or 
nUiddy ^iment, Tims marine sands inark 
diorelhies or omit in ban builr in verr shal- 


Iqw water. It w Ecvd fluctuates^ the sandy near-shore /.one slnfts buck and 
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forth accoidingJy and imy rtrsiiJt in ihe intertonguing ctf ^dy and muddy 
sediiiieuts (see Figure I^J. If the supply of caaisc dctritsl sediment ts 
small, sand is lifcrfy to be concentrated near the point where it is delivered 
to the sen !iy strearm and it grades laterally to finer sediment along the 
coast. A large supply pitwides sand and silt that maj' be buSt out into a 
delta, ftum whkh sand is spread for a considerable distance along the 
shore. Coiitinued deposit ion may produce a faithful record of how the 
position of the shoreline changed. Atl excellent example is provided by 
the intertonguing Muncos Sliale and Mesa Verde Sandstone (Cret.) of 
Utah and Colorado, hlost extensive sandstone formations with little or 



Figure 17 S, DIttgram fHawlng the iifoiignaphk rv^oliciFtt of nin* tuc^nhr* imcDn- 
fonnoble lOfidxfM*! that odcupt ehannaft in tfi# Grphaitt Formutinn fHHtheTn 

Tesai, fAft*r Lm, im Unkv. U* Pubt. 3aQT, pL 
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no ujtcrbedded shale are imrine depc^ib that followed a !ihifting shore¬ 
line, probiihly a transgressing one, or filled a vet)' sltallow-^i^ter area. Sea¬ 
ward the}' grade into fiiipr-tcJtturcd strata. 

In the absence of detrital sednucnts, calcium carbonate may cemstitote 
derpositi of Liic liUoral zotjc. Tliif cun occuf nnpoftantly only in tropical or 
subtropical regimis. li is ijarticulariy diamcteristic near coastal reefs from 
whid) tliis seditnent is derived. SiVjC suiting is Iltdy to he at'Ctnnplished by 
Wave ifnd cnTTcnt action alntig sjicU coiisti btit h l lnfi cation niay mask laterai 
giiadation and facies arc not so tv« 1 I dcve!i>[>Hl 1101 do the)- shoiv up so 
dearly in calcareous sediments as iui httoral detrital deposib. Alio lalcrut 
gradation in ealearC(ios sediments docs not certainly identif)' a coastal 3 m>oc 
bcciuie such scdimctit can originate and acciuimlate in shallow water far 
From any land* 
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Mtrrirti? 

Knvironinental Cdntlifions in the sea are much rnorc broadly ttnifomi, and 
Literal viuiations^ generally arc gradual except ii3 ncar'i^hore, very slmllou- 
water In landlocked cpkcmtiiieubil where tidal flow^ i& small and 
wave action is fes Jic^ero tlian m the open uceanSp unifannity may chaiac- 
tCFLEe fairly ^ItalJow^wnter deposititm. Tim is the type of geneml eiivi- 
roiinient reprcseuled hy many of the nutrinc fomiatjons of the cemtinmtaJ 
platform regions. Ute more conspicuous lateral diungca that do occur cum- 
monlv are related to such factors as depth of ^'atcr. distance froni ^otirccs of 
dcfrital sediments, and direction ofBedimeut-disIrihutiiigctnTent^^^^^^ 

As a nilgp marine depositioiiaJ conditiuns linvc altered much more cdii- 



REGRESSIVE 

mesa VERDE sandstone 
TONGUES 


COLO. 


SANTA ft 

m 


CALLUfP 


ALJugutinaui: 


transgressive 

MANGOS SHALE 
TONGUES 




• V€RD£ 


MULATO 


SAfjtA re 


Fi^yufiB tTf. ihowinp Ihc orEal exTcnt ol g IcmpiJm ol 

Veedt Sanditon'* and M.oncai ^tiabe CCret,K 4 n norftlwntom New MtMko and neSgh- 

bofing Tcgjoni. Htfr fiiad^d ofeen In A, crtd C rpv landfiiont lonpyn 

B>ut noffheOflwatcL jn ft, 0J F, and N ofr ilialit fonguB wedging th« 

uautbv^eit^ TlteiH mapi da nc^ shaw fliE pallEmt of diifdng i^sotrcl^neli beuuw 



























L.\TERAL VAlUA’nON ,\ND FACIES 4S5 

spicuomly ant] alTrtiptlv with passing tin« than tliej' iiave from place to 
place centeiiipmanttoiisH* \'crtical changes ni the Jitliolagic chameters nf 
strata rcHcct such sanations as Hnetuating sea les el, gttcred extent and top¬ 
ographic conditions in scdimcnt-produciiig lands, and climatic cliiinges, 
Mariric facies are ]ifcdy to consist of scveial vertiL-all s successive, more or lew 
caiitiastmg kinds of sediment* but stratigrapliic rmits generaJly are extensive 
latcmny and smoothly inteigrade. ^ouct in ttiiiclj facies cliangcs may oc¬ 
cur shift gradually across an area or remain fairh' ctuistaut for cuiisidctable 
intervals of Hmo. 

Although iJje ttinmic environment commonly is cliaracteriacd by maxi¬ 
mum miifoimity, it aba exhibits some very sinking and abrupt ehau^ re¬ 
lated to biologic activih'. Biaherms result fioin the presence of cirmmmiitrcs 
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wnditofiM on jqfgfty if nai enllrely marine. Th* actual ihare. howevar* jirabobly 
ihiFted in q Mjnswhat timllar wt»)f but »CM Jocated a litlld foythor to iIib jouibwert, 
(AftDf f>ik*, 1947, Ocol. See. Amet., Mwn. 2A P- ^-4, fifl. 7J So* alnq Ftgura 191, 
P. 301 . 
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of orgnninns thnf became cstahiished locally rni the sea floor snd by alter- 
ini^ the pieviiiJiog environiiietit perpetuated themselves there. Stnictnres of 
these kinds generally ate confined to restricted parts of the strati^phic sec- 
tioii and K>ccur in more or less w^il-marked areas. Where thf:5' are prcserit, 
however^ they intiDdnce eumplexities that are likdy to be baffirng until the 
IsteraJ of very diHerenl kmd^ of strata have been detenniued. 


Thiektiess Voricrtron 

In continental areas the thicknesses of most marine sediments seem fo 
fiavo Iiccn controlled tlirough all the geologic past by downvvarping of tlic 
barihs^Tliis is mo^t marked in gemyocliiial r^ions where uiiiny thousands of 
feet of dfjmiaantiy marine sediments accuimikted but noise hears coudtisii-'t: 
evidence iif deposiriun at a depth of more tlian a few bun died feet Some 
thick black dialer Jiyve tseeii mtCT|>rctcd as abyssal sediments because they 
lack benthoiiic fossils hut such strata probabi) indicate anaernhir or toric 
bottom conditions rather tlian great depth, Tltesc relations stiggest some 
nieasnrc of iso^tabc contto] but this could not have been perfect because 
sedimentan f^jadingby ibclf is iucapable of main raining ctmtrnuous subsid¬ 
ence in any bavin. 11 ic cOTnpaii«on of geosyndincs to deep iJCcanic trenches 
MiljncetU tu modem bland aircs also fails tu indicate cIo«c; parallelism. 

Dctrital scdiixientari^ locks thicken in pairing from platfonn r^iotu into 
gctnymciinej and the supposition is mlher common that such deposits 
thkken toward tlie source of sediments, 'J'hat this is not neces^iily true is 
shown cleirlv by thickening of Tertiary strata in tlie southern stales toward 
the Gulf of Mcsico [see Figure 105, p. 275), Also many formations, in¬ 
cluding Umcstoncs and ntJier non-detritaJ deposits, increase in tliitkness 
riotn . 1 ]] sides inward toward the centers of continental basins. An eccdlcnt 
example is provided by the Silurian System of Michigan as shown in Figure 
IfiOD, Ibickness varkiti<3Ti$ suggest carmspoiiding differences iu llic rate of 
sedimentary deposition, but the occurrence of uncoufomuties and dUstems 
rruay result in underestimation of these ratc^i. The LateraJ thi]jaLi:tg or perhaps 
the complete wedging out of a rock unit may mdicate etthet lithologic 
change m nntanftTrmablc TclaLioiiSu ErTOneous interpretations arc certain if 
siidi relations am misidenlified. 

Lateral variatian in the tliickuess of itclinieiitary' rocks generally is ex¬ 
pressed in teniisof recognized rock units such as farmatjotis nr groups, 
tirements of the same unit at different placet, howo-er. may not be strictly 

D, liopach mcip iliowingi iK^kREu of }fie Iilond-Sallna urotcr, niicknen it litdi- 
^tcdl in fpEf ond olso 01 peKCintci^^i of iHe ihjcIcBEl sfncirigiroprilc letr^ian Ef^counNred 
in d«p w«lk 

iA, C, arid D oltEr OvdL Sufv^ QLI and Oot Praliin, Mop 

4, 1, and SJ 
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COST!parable because {]} the mcaiSLired unit is not ueccssaiily a time-iock 
unit, and i Z i it may be bounded by pnconfomiibes and be interrupted by 
utherstratigniphic discoutiuuities DctemiiriarHJTi nf ihe ihitkiic^ses of time- 
rock unifcs, vAikh is uecessan^ for accurate comparison, may be difficult if 
lint iiiipo^ibk. Thickness r^tkms in of lapid laleraj lithologic dian^e 
whm: the slmLigraphic Sicction h subdivided iuto diileiejif sequences of 
practical rock units are likely to be specialty uiiccrtaiu- 

Tiuckness viuiations of strati gra]diic siidi as thoitc tompilcd to |>to 
duce isopacSi maps comnionly are employed aii the basis for studies of tiic 
strucSnml evolution of platform and basin areas. To be meauingriil for this 
purpose it mnst be assumed that llie units measured rire tiiu&roct utiits, tliat 
the strata included in them wete deposited in a liori^oiitai 4nd tliat 

appieciiititc compaction l«s not rfccuned. Ihe results are dccunite only inso¬ 
far as these assumptions ait tme If boundaries of the imirs dn-iate impnr' 
tantls* frorn time planes, conclusions arc almost c?ertaui to erroneous. 
Consequent Iv great care is ncccssim in order that boundaries mav he se¬ 
lected which can be correlated most certainly on Llie basii of time rather 
tliaii lithulogic rtaltucand rontinllih^ 

Sfj-ucfurol Variation 

Non-tectonic stmctnral variartm mostly inv'olves bedding and bedding 
charactci:^. Ihese commonly arc related to ordinary lithologic variations, 
which require no further consideration here. TIjctc rciuain, bou'ever* ero^ 
sicmal diiiniiels filled witJi sandstone and iLineatonc nia-si^ti termed rrseL and 
biolicrms. Tliese display ccnupljcationi involving abrnpl Lalerul tramitions 
and c^itrcnic raimtionr m bedding characters imd inclination ^ ^^ec Figure 
181 and aUo Figures 1"U, p 44B, and l7iS, p. 4f3^ i. ihc) lin-vc miiltcd in 
much strati graphic coiifmkn in areas of inadequate outcrops ;md have been 
v'arionsiy misiutcrpreted wb^e the dctaib of facies intcrrcktions are not 
clearlv shown- 

I lie word reef has been used m many wavs. Even among straHgrapbm its 
riieaning i* not uniform. It has been luo^dy applied b> \ 1) almost am lime 
ilfiise niaia that swells into a teeflike mound or ridge ^tirruniided bv sedF 
inentan matciia) of a diHeieiit kiiitl and i2^ other litiicshmes that do not 
liave Hib fcimi but contain the abuiulaiit fossilized mnaius of organisms. 
sQch as coml^. which commonly arc bdkv'cd To he reef biiiidera. In an effort 
to makt this distinction clear, two new ivords were coined and intioduccd 
into the technical vocabulars^ of geolcigists. Bio berm was proposed foi the or¬ 
ganic Tccflike riiouiids to distiiiguish tlicni fnun otliet reefs thal arc not 
stratigTUpliic bodies uraieof uoiioiganic otigni, and bioxtwnm was pmpostd 
forobviomly organic limestone that occurs m tjrdinar) bym. Both of these 
w^ords liave been much used bill ihc first dues not diitmgubii between two 
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entirely diffcn^nt kincb of iitTUCtujrc 3tid tlie i^otid is tiol required as 4 &pe- 
ciiil tec Jill ical dcsi^ation. 

According tu its original debnitiun, a bidhemi imn Isc citber li) a tme 
organic leef dial w*a£ lauilt by aninijils and plants and grt^^ steeply upward 
frauj the tea L^Uotii as a prjleuthilly w'ave-resistant niiiss 12) 3 more or 
less irregnkr liuiatnnc Jen^ cDiivisiing of d^guieiital organic debris that ac- 
cuinobicd beally ori the ^ca floor but iiecTt rtw niudj above the gmeml 
sedirntmtary surface and not wave resistant, lypicai examples of these 




RguTE T61. DiogropimnUc xecHon ihorwing an offlAdlC reaf Wottcompion ogs 
rp»jing trOffl the of o ^nnsjftrQninn roDf if> Hi* Wsliman dkl* fi^Jd aF 
T^rry Covnly^ Tnpi. No tcolt provided bul i+i^ P*rTfpiatt twJ h fnum 1000 ro ^500 

Nflf high. iAhmt Andarufl. 11953, Am. Ajjoc. Pclro|l*um yoJ 37, p, 530. 

Tig. 11.1 


two kinds of Structure arc she Silmian limestone necis of the Greii Lakes tc- 
gbn tsoc MguriL'?^ ! S2 and 1^1] and the crinoidal Jimestone njatiiids occur¬ 
ring ill the Bordmi Croup (Miss,J nf southwestern Indiana i sce Higuie 1S7> 
p -^971. Coral beds in the lovvcr piirt of the JcUeisoiu j[tc Limestone \ Dci .) 
at the Falls of the Qhio Dear I^uisville, Kentucky, aic a w^U-kuowi tx- 
ariipk of H 5 fMnjlifd biuslrouic- 

I he distravciy of oil in burial rcyBitc limcstune bodies bas Focused atten¬ 
tion un rhese struLtuics but the nomcncktuTC applied to iliein ish confused 
and many geologic reports do riot make distinctjori hetwisen the 

diflcrent kinds. Tlicse structures have been termed both OTgamc rtefs and 
bioliertiis: tatiicr indiscnniiiiately but it is piefetable to distinguish tme or¬ 
ganic reefs v^hetescr possible. Allhougli bkihctnt can l)c fctaincd :is a Stnic- 
tural rather tliaii as a genetic term to iniktde both kinds of uiotttids, it y; 
most useful iLs a dc^lgnaLion for Ibiies tone bodies of doubtfti) w^vc resistant 
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types. Tlie uchul nunire of imny bidhmns, partkukriy those that do not 
outcrop, is uncertain. 'Fhese should not he desenired as reefs unless their lU' 
hire is svdl established. 

Organic Rcefi 

True GTgauic reefs arc rigid structures that rise more or less steeply ahosT 
the sea bottaiu and grow upward almost to water level. "Rjc dtt^atioii 
coraf teef catmiimil? applied fo them actually is a misnomer, particularly for 
some ancient letfs. because careful invcstigatiou proves that corals have not 
Ircen the mofit important reef builders and rately do their skeletons consti¬ 
tute as much as one-fifth of the reef mass, lire re main s of juauv other kriids 
of organisms arc much n«ire prcs-aleul, CaJcareoiis algae rather than corafs 
liavx played the most Important role bfjth in eantiihuting calcium carbon¬ 
ate to modern Tpefs and in binding iwlcareous dehris derived from other or¬ 
ganisms into a wavc-Tcsistant structure. 

Calcareous algae cannot crust escept in shabow lightctl w-ater, and modern 
reef caials cannot live in water whose temperature fails below or ni a 

greater depth than about 25b feet. Both kinds of uigauisms rerjuirc clear 
water of neatly iiomial oecnriic salinity. Corals thrive best wIicTc waves and 
cuiTttits bring them au abundant and coiithmons supply i>f oxygen and 
forsd. It is gcuerally assumed that fossil rctf-buildiug oi^nisius also had 
similar requiraueiits hut this is not certain. Paleozirir- cnisb differ impor¬ 
tantly ftcmi Qiodeni ones and their loologic relations are not consideied to 
he very dost Stimc modern corals are abimdaiit locally in deeper, colder 
water. Consetjiieutly ancient corals may not indicate a similar euvnoinncnt 
although there is no cvidesice that ihcy lived under conditions greatly differ¬ 
ent ftorii those occurring ou tuodern rcvfs. 

Tire gfcwtli (if all oTgnnic teeft is liclicvcd to have vtaited in fairly shallriw' 
w^tet. TTie great tliicknewcsi llui! nianv nf tliem attainj tlicrcfotc, indicate 
thill these stmctiirev grew upward at sco level reec or as the sea Boor sank. 
Modem reeb jne estimated to be capable of rising one foot in about ten 
yens. If sea Icvd rises, they must keep pite with it ot they will dmw-n. Deep 
(frilling on Limyetolfc .Atoll in the Pacific revealed mon: tlian 4000 feet uf 
reef materia] before igneous basement rock was reached. Most knowTi fossil 
reefs nre not so [liick^ hut some of the Siliniiin reefs in Illinois grew upward 
almost lOOCi feet (sec l igntc 1S2) atitl the rwmian reefs of west Testas aud 
New Mexico continue thmugh 20(J0 feet or nioir of strafigraphit section. 
Tltesc thicknesses do not ttetre^arib indiculc that the reefs ever stood so 
high above the bottom liccuuse as Ibey grew interreef sediments accumu¬ 
lated between them iirid lapped upon there sides. 

Organic rceb cjiamctcristicaliy consist of more or Icis stracluielcss cotes 
and dipping flnuk beds (sec Figure 1&5). ITie cores are rnnssive, and com¬ 
monly porous or eveu cavernous. Their framework was built by living or- 
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ganism^ but diagaicsis, and m many reefe doluniitizsh'oiip bai desiroycd al¬ 
most all tiaas tit thtfr original <^TggJUc ^tnicture. Tliese dsa srrc the parts 
whose upper growing portioni are baltdcd by and produce large 





SOUTH 


Fi^uifi 181- aeconsfrucSion of Iho Mofine tebI of Nin^artin age fSfl.] In Mndbart 
County. IFUnDH. ax litlerpret^d ham ^bII ra^ardi, T>»fl ^crm of rtik ™af imJicatBs that 
ward growrtl accuirfld ^rst rapidly ond riion nfiara ila^ly OP ihi soulhem ird®. TFib 
rtiQt durkpg rtie bter ifoge of deveJopmRnl prEYaiimg windi eod c-u^enti 
rtw iouth, Ihm fkjmlPOfltty red mternidf sediment becoETB gTePfiith In on oreo furrourtdln^ 
iKv mL TFib coJor ellan^ probobly raiulttd from ifso reducing ad'ian of orgonic: mottor 
derFwd from the pfolific orgafliC commi^nily responiibls Tor the n&eTi grDPrth, No fcolo 
prqnrtded. (AHor Lowi^sTonii 195^^ Ji, GtC^As TdI. p. 4A4^ f^. 


quanUties of cidcaicoiis debris, msieh of which HCCUTtiulates as taJus on reef 
Banks, lire finer dchm is swqit away by oiTrenis and settles in deeper 
wntcr iJT 14 rcdissoivcd. Thus thnx: IiHiologic facies can he dbiinguished in 
aiid about mr^st mature OTganic reeh: i I a the massive structuiele$$ reef core^ 
| 1 ) the inoie m less coa™ gmiiicd, iTagnicnbib outwirridslipping tcef flank 




Figure |S3. Gonorolrzod Ciw section ihowing th* fbnti and 
ttrudUfiB nf 0 typ}£aJ Njogoran (Sa».> li»f tn oortttsflTn fndjarKX. Th-b 
rt-f u ihown iranigretwg t>ia boyncTory batwO^ tbfi WiaduEn^wo 
Shale Ofid Lillon CrMk LFmestarttf. Il (oniixlx of mouJ^ COT* rock 
ood f)lOT>kljig bodi thot dip ootword ond Interfi ngsr "Mfrih nDa-fetrl 
tadimenlj. Jhm top of th3i rref Km been destroyed by rmkm nnd 
llx original fbiclineii 1* noi known. StrOfO rtpre wntwd in tliii me- 
rkin are fiboui 150 fefli ihickL (Afler Cumfn^ and ShrocK IWB, 

8ufif, Geai AmEr., Tol. 39^, p. 595, 


strata, and i 3 3 *he fine-graiimd interreef and decpct-^walcr deposits. These 
fcprescnil three correspaiidiiig laiviKimneiitsL i l) a very ^halIlnv. raugh-W'a- 
tfa-, WLdlvJcrated zone, I’Z) an iiiternicdiatc ugh water /one, and 

deeper, quiet water zone tlsat may fiave btxn msygen deficimt of 
tnric and unsuited to the eristcoce of an abmidant bctithonic fauna. In 
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addition ^ fniirtli facies and envaiuTinicnt may ocDir in «i hacfc recf or cm- 
dosed lagoon. Tins generally js o relatively quiet-water, ven’ shallow zone m 
whidi finognineij sedinicntjs accumulate. Depending upon the situalion, 
sediment may he imtirdy cilcafeaus oi tliis mas grade into detribl material 
llie hiick-itef water may not "be iiotuiai in ^linity, and w>nie bactreef de¬ 
posits iiidude esapfwrites Figure IS 3 . p. l C>h the whole, Ehe litluh 
logic ciiaraLtcTS, stiuctnies, and fossib of tht: four environments arc quite 
different and distinctive. 

l^'iteraJly equivalent strata in reef and interred deposits are difficult to 
recognize bocitusc sediments of the different cnvinDiuiierits vnjy rapidly and 
gratlVr both in diaiacteraiid in tiiicki^ffis. _Mso thc\-art difficult to trace be¬ 
cause depOTiitioii oeturreil upon an uneven sutfaee and ^mta may rbe or fall 
ctsuiddembly witliiii vljort distances. Uniformity of I es c), whidi mdic»tcs ap- 
pirmitiute ^intmiiity in most stmt^faphie situations, is meaniiigtc^s with re¬ 
aped: [o reefs because thh It^d^ ouhvanJ from reef cores into younger and 
younger strata. In the ateeucc of excellent outcrops 01 vm doyely spaced 
subsurface lecords. structures axt easily misiiiterpreteth The first Sitniku or¬ 
ganic reefs observed m northeni Indiana were believed to be abrtipf tec¬ 
tonic fL!]ds^ and rech near the buundary lieKveen the Caibotufenius and 
PcTmiaii syilems in eastern Rnssia were foraicrly considered limestone hills 
produced hv eii^on and niarfcing an ijiiport 4 r[t inTcoiifofniTh i see Figirm 
ro. p. i48i. 

Much of Thcmateral that has accumulated in the dipping beds that flank 
mnst reefs is tahis broken from retf snmniibs by tlie waves. It consists uiiuulv 
of ?iaLid-size and larger particles ranging upward to large blocks nl IntiiblEd 
reel rock standing .it 3 II angles, lixtenisivc slumping of this mat«iai has f?0- 
cuited and adds to the eumplexih of reef structures. One great didc on the 
flank of the Pcrmiii-n rtef in west Texas extends for tL^l mite and locally has 
a tliickiiess of lUf) fccL 1 riliu on liie flanks of liiodtm reefs geiitraJly stands 
with '<kipc5 fil l=J In in degrees although dopes up tn J> degree.^ tiavc been 
obsened loc^ill). Some anciemt reefs possess fbntjiig beds dipping .if much 
Steeper angte. Shills of 45 degrees are not miconimon aboul Lhc Sduriau 
reefs of lUinois and Indiwna. and fitMlcgrcc dips hiivc been ie[iorlcd, TJiis 
rather nntcnvrirthy diferciice Suggests tliat differentia] enmpattitm. pcrlups 
pnrfly ofUj burial by post Silurian strala [sc-c Figure 120, p. ^*5), luis ac. 
ceutnated the draping vjoicttiit of the reef fijuks. Some Silurian rech in 
ntirtlicm lIlu:iiiL^, InmevcTi bek ffanking ^tiata. T‘hc\ are believed to have 
grenvn in a verj 5 ha I low where turbulence and tnrrcnts were strong 

CTifii^gb to pre-vent the local aecrnnillatiofi of reef dcbm, which was moved 
away and scattered o\er the Ijottnm of mteireef areas. Large reels founded 
on fine-gicamcd Ecdimcnt luay sink into this mattiial, and some axe mar- 
giiicd b) surrounding ridges formed by Llie outward squeezing of nnCDn- 
solidatcd mud. 
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The growth of reefs is oojittolled by retaH\ie sea leveJ. ’ITidr fate and the 
forms lliej assume depend upon its stability or fluelnation. Thieic genenil 
situations can be compaied, as shown m Figure 184. 




SLOWLY RfSiNG SEA LEVEL 



RAPJDLY RISING SEA LEVEL 


Fisuw 184, 1dea|]ie<d dkigrain* ifinwrns T+IP influmit* ol ilnbfe W filing vW kwl OH 
fh. growth farm of oroonk r*#h. *f nm 1a«i) ihaoW f^U. ^ lupOHtd ftnd 

community of orguniimi reiponiibl* fof iti growth would dk. If i«i favol itiould rise 
too ropiilEy for rvsf grwih to k«p poco wllh lh an anvirconteot untuiiod io reef-building 
orgoniifni would dnvolop ond ih* roof would coose ta gtow. 
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!. Stable lea leveL Tlie most position for the c^tsstcnce of reef 

building oiguoisms is along the ooter exposed siilc of j leef fmt bekra- die 
surface Of the where water is in ahnost eernstant motion. The way this 
margin grows detemiines the kind of reef developed. If sea level ii stable, 
giDwth C3n Qtily occiur outward horizontally. I'he eapaading teef, however^ 
Teqohes a fonndation for its supperft and this i$ pravided by the reef tains 
tliat accumulates upon its flanks, [f water h slmllow* flanking deposits may 
be built out rapidly. If it is deep, the s^mc amount of debris tiiiist fomi 
much longer slopes, and reef gfowlli is retafded correspondiiigly* In either 
case a Bat^opped reef develops whose surface lie at apprtj,\Tmatc bw-tklc 
level, 

2. Rising sea level. If sea level rises slowly, n ^imibir rtktionship h main¬ 
tained between reef rock and debmp but the reef grows upward as weU as 
outward. Tliese axe the lebtions exlnbited by the Pennian reef in the 
Guadalupe Mountains of Texas and Nevv Mexico. II sea Iwcl rise^ so rap- 
idly Ihat reef grow tli can just keep pace wiEli it, the reef wdl grow vertically 
and debris aocumulates on its flanks m greater thidkness. The Lediic reef 
(Dev.) of Alhtrta m Canada appears tu lie of this latter type. In cithei case 
ail upwraTd'gnjwiDg leef is likely to det clop 4^ a submerged ridge enclDsbig 
a lagoon. If rising sea level exceeils icitf gniwth tht reef w^ill diouii. 

1 Falling Irvd. If sea Icvd fcilU, ticch are exposed, die, and l>ccoini! 
subject to erosion 'Ihe opinion hnj been expressed that a succc&vh^ii of reef 
ridges or batricra could develop ptallel to the shore!inc of a regnrssivc 
and thai this situation can be idcntrEed by the occurrence of red beds and 
evaporites m tesultiug back-reet lagoons. This explanation appt'aTx to be 
e.xticmdy unlikely if not impossible anti h nniieces&ary to acctmnt for this 
type of back reel facies. Such rdafions occuned behind the Pennian reef of 
west Texas aud New Aioaco but no evidence of Tegression Ints been recog¬ 
nized there. 

Retf/Ty^cs 

llirec typcir of itiodem reck genoalH are rctogniised: f 1 \ fringing reefs 
Qiat have gnmvn oiitw^rd from a shore in the form of st liarmmhif shdf, 
(2) liamei ttcEs tliat parallel i caist anti we as a ridge icpaiating a back- 
reef lagoon frcjiti Uie open sea, and (3) atolU, nict?r of which rise great 
depths ill the opea ocean and cttcl()$c more pr leu dicnloi lagoons. To 
these a fourth type muil he added; (4,ii pteb or platform rrafs (the name 
depending upon thdr sire), which me vannhie id shape, are Bat topped, and 
occur as shalliiwU suhnicrged arehipebgos nsing from a slwllrm' sea bottom. 
The first and last types have des'clopod iit response to conipaiativch' stable 
sea-level conditio ns The others eicvv where sci level mse oi llic buttoiTi s-ink. 

,\ncl«it reels resembling fringing reefs and atolk ate not well known. 
This is not surprising because auciertt shoTeliiics are rarely well eiposcd aud 
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lypical atalls aic not UkcJy to havt devcbpcd in cmitinnita] pbtfomi re- 
gbns. Tlie Peiniian reef of Tcsas and New Mesico is a barrier reef at Jeast 
TOO tnileiv long, in Some way's it b compamhle to the Great Barrier Reel of 
Amtmlia, which is more than 1000 miles long and is the world’s best exam¬ 
ple of this type. TTiese reefs difter^ however, in several imporlant respectir 
and the Pe rmian reef is iiot duplicated by a modem one. For example, it 
did not face the open sea but grew withlri an embayment and mrmuudcd 
an endored basin about 100 miles in diamete; which was connected with 
Uic ocean ihiruigh otic or two icslrfctcd diamicls (see Figure 1S5). The 
diukcolorcd and pooHy fossiliftttius sedimenb of tliis basin show that it was 
occupied by wiitcr vihose loner hiycis were stagnant. The Perniian reef 



Rgurv 1 GeneroliifAd misp dI Tbirki and Bd[aC4>ptf Nvw MuJeo 
showing IHf rs4atliQni of tha grwl he^rmion ravf to Bnclased bo^n emd 
tht Hf/rtninding back-rctf 0 f 40 l of iholKow wOKr wh#n darFital sed inFimlri 
end UrDpoTTru accumirlDtiKl. {Atfur iCing, 1942^ iu/L Am. Aaac. 

G#of,, 2^. p, 747. fig. n.} 
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probably was more ponliouom thai) the Aiuti^lian taf. P<jssibJ) it was tiq( 
broken bv' dianndi tliat wtrald have albucd more or lew free cdriiktion of 
surbte water between the basin and wide back-reef lagoons when: super- 
saline tondil±]mi etisted. The Fetmiim fcef also is much thicker. Several 
other ancieili reefs, however, aie closely similar to it. One of the best or- 
amplrs ocems in. tlic Mississippian System of iiortbcrn England. Tlie Devo¬ 
nian reefs of western Canada ako resemble the Fermiao Rtf ld some re- 
spects. 

The Silurian reds of the Great Lakes n^'ou cidtndiiig at feast from the 
Gulf of St- Lawrence in one dhectHm to Hudson Bay in the other {see 
Figure 186) arc the greatest aggregation of patch and platfonn reds cither 



flQure TB6, Man of Hie GFdaf takoi rEglon ond nmi fa 
rh* norrii ond eon iticwmg th* kncHen distribution ol Mhag* 
aroB iSitJ reeh. Sir™rai ef th* rwt* In wurhetn liTtnoh and 
indinmt nr* nt expoHd but Kara beEn dricqv^ 
ernd by drilfFng Iim Figuret 120. p, 3D3, end IfiJ, p. ajl). 
tAttBT towwiietn, 1930, J. Gao/., vol. 51, p. aW, fig. HJ 

ancient or niodeni known attywheme in the world. TIict va|y in size from 
an acre or less to reveiaf square miles m arta and proWbly row from a sea 
bottom tarely more than about 200 feet deep. The ftiat tbicknesMs of roroc 
of these reels, particularly the most soijtbcm one*, probably aie more a mas- 
lire of basin subsidence than t>f water dcptli. 

Other Biofiermii 

Tlic mart commun tinil of biotienn consists brgelv of the remains of or- 
gmiisiirt, including algae. stramatoporoicU. arebaeoc>4thids. sironges. coiuls, 









Rgure 1&6. Croti ifitti™ drown to mr* «tt!« of P bteKafm fn lh« Sr. Jm LFfttoJlntip 
(MIh.} af norrSnttom OktohamD. Ulk blahwiH comiih ol moBii™ crinniditt llmeilpito 
Pnclowd Jn iklf^Kbvdd^d crtnoiilal (Aflef Hnrbouflbj 1957, Buf/. Aftt AftoC- 

frpfftvm Geol,, vol. AT. p. 2537^ ffp, 7J 


llje Mifsissipptaii bioUctiiis of Inddnin have been carefiillv studied. Tlicj' 
arc composed of vaTiotisly massive beds of variously pirrv lirocstoiie foniicd 
hiaiulv of disarticuialcd criiioids and broken bfv'ozoans. Eadi bioherm ap- 
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biacbiopods, bryozoans. crinoidSi and pclcc^'pods. Although aoznc of these 
same organisms contiibutcd importantly to the growth of true reefs, there !s 
no evideuce lliat other biohenns rose much above the surrounding bottom 
at any time during their devdopment. Such bwlietins are endiTsed in sedi¬ 
ment of somt ctmtiasting kind which aceumnlntcd eoutempoiatieously and 
to which organisms contributed less importantly (see Figure 187), 'Hie 


187 Dbgrtim diowiflfl ihe form 0* 4 bjoherm in fhe EdwurtfivS^ffl 
fgrmntiBn iMhaJ of Indipjip at bmee^ tm defoi^ed ctnilfgnip^k lectmas (iraas- 
ufad at about qiiorfter'miifli mtsf^U- CAFwf C&oJ. Soc. 

Amgr.^ vol. 4 l2j p. 714, 


mpst coii^^icuoi^ cxEiinples occur in the rnidi^t of shulVj silty^ uf s^aJy >liikit3«. 
UoTntiwhat sirnibr bodies arc pc sent m caJeareous forntniiQiis* as slin^n tn 
Figure 18S, but because they do not stand out so clearh they aie libel}- to 
bo ovtriookod. 
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peats lo lepcEsent an iseikted oj^ank romuiunitv that created a $p«cialized 
enviniiimctit aud suivived in the mitUt 0? an j*ca where condiUotu svere 
ujiiavonible for ilic Bostmee of a wide^pToad bcnthonic fauna of lime-se- 
cicting oiganismj. Ttie vicksitudlcs of the eomniunity''i precarious ecistmee 
are lecoided by intetfiug^ngs of the surrounding dctrital sediment, the 
variable intermixttiic of this material with the accuitiulafmg ccifcareons dc 
bris. and the final conhaehon and cxtiuctitin of the cotnmnnitv. Biohenns 
in liidiatia range up to ahont hs'O mile!! in dmueter and attain thicknesss 
of as taudr as seventy feet, 

nie rtiuethial relations of these biohemis and sirmnmding sediments are 
much simpler than those of rTTgaiiic reefs because contemporaueaus strata 
of different kinds pass into each other btcrally in perfectly normal ways. 
Gradation or mtertoiiguing, howesei, coninionly is more or less abrupt atid 
may lie acconiplbhcd between two fairly dosdy spaced Dtitctops. Generally 
there is little evulencc that diffeientiil cotnpactiun hat altered these icbi- 
tionshnportaniiy imlcss the sunouuding material is rdativdy non-siltysiiaie. 
Bioherms may begin at different hotiaons within a fonnation and condnue 
upward tfiTtnigh WJtics of different thickness. Some may eitcnd without in- 
te It option across the boundary between two recognized formations. 

6osm Filling 

Persistent sedimentsiy deposition rctjuiies the maiiitaiance of bodi a 
supply of sediment and a baiUi in which the sediment can accumulate. 
This means that a tectonic baknee between uplift and erosion on the one 
hand and siihsidcnee and deposition on the other must be prescired. One is 
as important as the otha, but geulogists see only the basin and its deposits. 
From these they must iudge how wdt the babnee has been maintained and 
in what manncT it has varied from time to time. 

Tlie final disposition of most sediment deposited on the continental plaf- 
forms is wmtroilcd by sea level. This providta a datimi from whidi lebtis't 
uplift and subsidence can bccftimited, UttnraJ deposits iiuitk the approvi' 
mate ptisitioti of sea level and fumisfi the most direct evidence bearing 
upon its fliicluahons. Sea'levcl utovEmenti are, of course, relative. There is 
no suit method of dbtiuguhhing between Buemations that are enstatic and 
those produced by more or Ics local tectonic activits' witliout anv actual 
change in water leveL Souiewbal similar leUtions arc ihowii by the sedi- 
ments deposited in large lakes but they do not liave the same iiguificaiiec 
because lake levels commonly respond to cliimtic changes or other strictly 
local betots. The tectonic implications of Quvial deposits are wbollv difi 
fetcut. 

All basiii filling b> water-home delrjlal sediments it limihr. It mvolvcs 
uioTE or lest sorting, the deposithm of cosne materia i in a shallnw litlnial 
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zone, and the settling of finer sediment; in deeper^water. offshore ajeas. IjI- 
cial changes in the sediments may show patterns tliat refleci lectotiic bal¬ 
ance at eustalk sea-level niovcmaits althougli these may be vanously modi¬ 
fied if non-dehrital sediment is abundant. As lateral changes are viewed 
from the standpoint of the basins and their deposits, three poiSiMitict le- 
quite consideration! (1) stable sea level, (2} Falling sea level, ifrd (?) ris¬ 
ing sea level f see Figures lS9and 190), 




Rgufa ta?. Schtmaik dloswn* ih^»g ih* gnidnilen sf MjjmiBnh ivid thB 

tntBTfingariitg of llrtlskFgk fwiiet In tJtwrttom irHai* lB»el fi *l»bte or fallwB. 


Stable Sea Level 

Under conditions of stable sea level, dc^sitirm results in a shordine that 
shifts as the maigmal part of the basin is GDed in. The coarser near-^boTc 
sediment gtsduolly exteuds basinward above previDusly depcaited finer ma* 
terial, fnmr whidHt is separated by a timc tiansgressis-c lithologic bonndaiy 
that is approximately borixontal. This is a ivpical icgressisi'C relationship. 
The rate of sedimentary supply and depositiou mahes no difference because 
whether it ts slow or rapid the shorehuc retreati acooidingly in exactly the 
same way, 

FiiffingSeuLevd 

If sea Ici-d fails, cither constantly and giadiially or by small successive 
Stages, the results are very similar to those previously described. Advance of 
tile shoreline is more rapid, bovs'ever, because both withdiawal of the jjea 
and leutri filling contribute to this movement. If deposition b the fiist 
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moderate; deposition 



Rgifre IM. Schsmulk diagTami illuitraTmg Ihrw pgwFblt tsf laterol iiedrmBHif 

gradaliqn \f] q baifn w<Hl riling wiaj^r Lavel. TraTisgresiivf liHlokigic: 51 ihowrx kl 

C can Wl(y If rhe in waitr k iki.I ^Omp^KrTed by rW depCtlHofl pf nflw 

facttJris moit iiiipoitaiit. [f it is very ripid, the secoriit tfoininates. In cither 
cast 3 TC§ie»ive reJatiEiiiship devetops and a time-tranigressjve litholc^'c 
bonndaty dips gently into tlic basin. 

With rising sea les-el. a rllHcreul h'pe of rihaiticin ii presented and the rate 
of sedinient inppiv and dqjositinn detcmiincs the resulting stTatigrapliic re- 
la lions. Til nx possibilities require considcnrioiti 

K Rapid sedimentation. Rising j« levd conimonly results in Tetroting 
shoteJmes and the enlargeuicat of submerged basins. Sedunentarv' deposh 
tion. howes'cr, may fil] the margins nf a basin at such a rate that eiifatgcmeiit 
dues not occur, and if it is napid enough the shoreline may actnaJlv advance, 
‘Hris also wonld result m basin nurd extcnsiori oE coarse ncar slmre sediment 
and TCgrcssiiK stratigraphic reladoTiships. In tliis sittiarioti a timc-tTunsgrcf- 
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sivt lithologic: botmcbn^ vtauld rise towsrc] the cenler of 3 basin. 

L Muderate sedimeTitaticiJi. Tf ^cdituerit w^ic delivined at ynst the propa 
mtc, the shoreline might be heleJ statiotianv neither advancing nor retreat¬ 
ing, and the hUiologic boimdarj^ ’^^xaiild rise verticallyp Tliis sitaation is ex¬ 
tremely unlUicIy* l>ecoiise deposition and rising sea level ^nould have Icj re¬ 
main in ciact baUnct for a very considerable length of tmie. 

L SIOTiv' scrhnjentatksiu Marginal cleposirion m a basin w\ih actively tiriag 
sea level gcncrralty h nol: iiiftcieiit to halt a itlieatiog shorelbie but only to 
[ednee enlargement of the basin to sotne e^rtent. In this case coarser vedi- 
tnent is deposited in a zone that gradually shifts o^JU^'a^d and upivaid as 
suhnieTgeiice progresses and this s^iment is sTthscc^uenHy buried beneath 
finer material deposited in deepej: lA-atei farther from the shifting ihoTclme. 
Although Lbe bLliologic boundary dips inward toward the basin* as it does 
when sea le\'d h fal ling s the vertical rebtlous of coarse and fine sediment 
BIT reversed»Tliii is the only sihiation that can product the transgressive 
ih if ting of Utters II y equivalent sedimcntaiy zoues. 

Inf cr£o ngut^d Srdim eota 

TTie interfonguing of differently constituted 5CdiTiicnt$ like that which 
characterizes the lateral transition from Mesa V^eide Sandstnne to Manctis 



FiguM 1^1, DingTammoTk cto» s&cfiiin ifKJwmg th* int«rfargued relgf»n» 
of tfie Mhq VflFda 5 am± 5 K] 4 l« ond McEnCCn S^ole (Cml.f. Sm olio Figure \ 79 , 
p. 4g4. <Afl6r Plk^H ^947, G«L Soc. Amer.p M*ra. ?4. p. 13, fig. 1.^ 
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Shale (Cret.) in Utah, Cc) 1 (>»<Jd, and neighboring states (sec Figure 19]) 
results from the reversal or aJtenlalion of s<™e of the depositioofll and sea- 
Tcvel relations prcviousty outlined. The regressive tartension uf a Mesa 
Verde Sandstone tongue into the htancos Shale might have occarred 
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vfLclher Kca levd roje, fell, or remained st^adf. TJie deposition of a trans- 
gtessivt Manoos Slmie tongue projecting into tlie Mesa Verde SandsLane, 
liowe\Tr, is much suter evidence of rising water Im'd. 

Tlie Mesa Verde and Mancos formations bolli attain tliicbiesses of ser- 
cral tbousaud fed; and they thicken greatly toward the west. Neither pos¬ 
sesses cliaraclm juggesting that any part of'them was deposited in deep wa¬ 
ter. Conseqiientiy it is safe to eonchide that the deposTtiunal basin was 
downwarped tectonically and it h fairly sure that sea-Jevcl changes were re¬ 
lated to tectonic action. Under these circumstances the stratigraphic rda- 
tiom present two mam possibilihcs: (1) that mLeitongiiiDg rttnlted from 
intemiittent subsidence of tlie basin or (2) that it resulted from strong BiiC' 
Eualioiis in the amoimt of icdiment delivered to a constautly and mme or 
less regularly rebsiding basin, the fluctuation! being tionlrolled by iutermit- 
tent uplift nr tome other periodic riuiige of conditions tn the si^imcntsn 
source area. Possibh both types of action participated. 

Die iutcrtongiitd siindsfonc and slmlc members furnish little or no basis 
fora choice between these possibilities. Evidence must be sought elsewhere. 
The .Mesa \^CTdc Sandstone grades laterally into a very thick suoccssiou of 
piedmont and other tcfresLrial strata. Tlt«e iiidiide several coarse congloin- 
eraUc zones and they are iutemipled by at least one iiupnrtant erodonal lui- 
coufonuity that Irecomes markedly angular to the W'cst. TTie source area 
must have been nplifted greatly to have fumhhed lire enormous amtiuni of 
detrital sediment delivered to tlie basin, and the unconformity is additional 
proof that this did occur. Also the conglomerates suggest that uplift was 
inteniulteiit. These irregularities Jiave not boen corrclitcd with Mesa 
Verde Sandstone tongues, [f they' were, ihere would be no necessity to con- 
elude that subsidence of the basin was strotigly irteimittcnt or was inter- 
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nipted by rcvct^c Ditn-an^ts. On the oilier hand, lliese possjhpjti^ would 
not be clknmdtci 

'Hjc Dev'oniao C^IsLil] ddtjj of the uortharti AppJitchmn itgioti erhibits 
rcbiHims ^onie^Iuit Jiinibr to those Cfc^dent in Llie Mes4 Vcide-M^ncos 
tramition of the west (see Fi^re 19Z). fn bf^th instances sedimentaty 
deposition exceeded the subsidence of a basin, and dominantly recessive 
stratigraphic relatiuns were the result. Regular intcElonguing of sandfttone 
and sliole^ however, has not been lecogtiized to tlie same extent iu the en-Ht- 
em region as m the west, lliis ^u^esh t\m\ Cats.kil] dqxksitjon progressed 
mcne icgularlv and was indiienccd h\ intenniHent basin siibddcnce or 
posAihk sharp pukes af uplift in the sedimcnl-pToduritig negion. 

Cottsidcration of basin filling, and paxHcubih the Mesa V-crde-Mancos 
example, etnphasi^e^ sandstone-shale lithologic relations because they arc 
conspicuous and can tic conch ted wiUi shifting littoral cnviioriments. Lime- 
stone and shale also intertongne in a siiuiki fashion. Changes iu the areal 
dMiibution of strata of tlicsc kinds midouhtedly are related la v'aniiig 
dctiital scdinient supply* changing water depth, and oilier ein^nmcntal 
Rttclirations. Tlie>^ cannot be connected so stircly. hov^ever, with shifting 
stioielines. Coii^equeiitly thcii mteq^retation is muth lc$s certain. Some at 
least mav lm\x been related to lcx:uJ warping of the coiTtnienlul platform 
rather than to the migration of a distant shore. 


FACIES 

The carnmon meaning of fad^ k gcfn'ftif ^ppcarunc^. This word has 
bcei^ iLswl in geology m connection with the dLfi^entiation of tttotc or Jess 



wndiTojia bto gnf &r gr«Pt4^ and pcnilJy Jnte bioek ihok. Cpfnpure wifh Bgurv 
p. 417. 
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siTnikr atncmg Hie mcks or organisms of any aiea or of 3ny ii5- 

tcml of past time. A fMt:iC 5 irnplics v-anation. It lia^ no significance, there¬ 
fore. except as it cs cocitrasteil ^ one or more related fucies. As this word 
is osed in str^itigrjpliy n ith reference to roct bodies, fdoh-'i aLo implies a cer^ 
tain degree of coiuitancy and contininty ivitbLn wkatever rocks are tidng 


WEST EAST 



R{)Mte GeneMi^d ^ron sa^^fl cif tha Catsklll delta ihowrng how tlie Upp^r 

ilT^j9Mphy of New Yoftc and ParTruylvanio wet uMMifly interpreted htioft 
ebauf "iPaO, Th^ time^rfonigfMiyve nolura of tke lijiiologte ffirmafSoni gefierally wea not 
rMognitod Western oulllert cf the rad heds^ ior excimple^ wsre contidered ta be rtm- 
nnnti of ibe Colilelll F&ttmatkirt prettrVed in syncliiw Ca^npilsd from old mapa and ro- 
pqrts- 

compared Tivith or diffnentiated from utJier&. Facks diffEtciicCi in ^tTAtifu'd 
tocis have beeu recogtiized for mote tlwn a centiuy, but Ihe wthtd fucks haiv 
been used in so many dj^Ereut that its meming is vague in ipiie of a 
geo era I desire to rosim't its tediuical apptieatian. 

Stratifitii fXKkv vjm lu chaiactci lujth verticalh- and latendly. Vcrtica! 
variahori is obviuin in most (mterops, and changes artr abrupt at many bed 
ding planes The grosser features of vertiea! variation provide the basis for 
different!otin.g most formations and other roct-sliatignipliit units, Tliesc 
variations arc evidence of diangc m geologic processes ami conditions Ihs! 
fjccumcd during the coutfic ot passing time, arid reoiustmetion of the hxati 
geologic liistoiv of u region ii drpciidcnl uptni fheir tulcrprelnlicin. Lai era 1 
variation wdliin berk of equivalent age generaily u niudi more gradtial and 
it iv not so pbiiily appateut. Latcml variatious in lithologic and biolDgic 
tharaLters arc paiticiitarlv important, however, becansc tliey give evidence 
of r'oiirt=mpoTaTiL'tms enviromneiital differences upon which the inieqjrcta- 
tinn of palcngcpgnrphy is bsserL Tire niimcroiis iniccrtainhes attending 
lateral vnrifltifm introduce eomphoirimis with rcspcel hi stmtigiapliie rela¬ 
tions, snbdivisioii, Tionicnctihiic, cuirelatiom .11 jd iiiterpTchitinn that as n 
whole ate coiniiiDulyrecngni^cd qjcansliLtitiiig the facie* probfem. 

Since about 19^0 tnetcosit^ awareness of Literal Jj'llnilo^ie variation in 
stratified rofln and mote critical interest in lateral fades rtltirionships, and 
the problems that the?- ptcsciifi have developed in Ameiini ainciiig both 
shntigraphm and pleotitnlogisri. In thk time facies Imve liccn considered 
from different viewpofnis both theoretica! and pnictifo! and diffcinit idens 
regarding them have cnolvod. Although several efforts have been made since 
WS to ebr^) and svytematr/e iisduf facies concepts and the ncimcncb- 
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hire to be 3{7p1ic-c] to thaiiH little itnifotniity of opinion lias resulted and 
much eonfiufim and disagreement concemiiig tlieiij persist. 

Focies Concepts 

The n’oid facies, as commonly applitxl in sttatigiaphy, and othet mote 
Testricto'C Icttni Iiara been used in such ways that they embody four tC’ 
lalcd but different concepts: (11 tire tippcfimnce of a rock body, (2i the 
cnm^vilrotl or actua) natuie of :i rock body, f > t the rock body itsdf as 
identified by its appcantiice ot comptositimi, and (4i the em’ircinrnejif that 
is recorded W 3 rock body. The ways in ivliidi facies Icrais Irevc been used 
by different persons or by the same person at diifereut times show that 
iireaTiings shift kirk and forth between these ideas or include mote tliao rme 
of them. 

Facies hay’s lieeii dislinguislied at widely divcrgetit scales or levels of im 
purtance. 'ITie diffenniv’CS lecognizcd may be nf any kiinl. Ihev range from 
the pbitiK otnioiis to the very subtle. Facies may be geneialbcd and refer 
to a v'srred assemblage of associated elements or they niay Ire liiglily occlu¬ 
sive and be identified by a complete set of spetffte, detailed characteis. 
'I luis. facies concepts related to sediments and roeb range all the way from 
large bodies of mme or less heterogeneous but charaetenstre comixisition to 
lliin and restricted beds «i parts of beds of uniform composition, texture. 
stTuctnte, biologic content, and so forth. 

Stratigraphic literatme provides atamplcs of facies that liave hccri differ¬ 
entiated or identified in many different ways. Among the diagrmsttc leatuies 
utilised arc (1) lithologic characters. (2) mclaroorpJiic alteratinn, |?) bi¬ 
ologic Composition^ (4i stratigraphic relations, teni[»r3l sequence. 
|6| structural furm, f?) environ mental inSiienco;, fSr tectonic coutml, 
pnetic interpretation, 00) geographic occurrence, and iressibK others, 
Most of iJiesc featiiics furnish valid basis for some bntl of diffeiciitnition 
hut aU are not ecjittllv objective or equally significarit in strafigtaphy. 

Lithologic Facies 

Fundamentally, most facies of interest in sliatigiaphy arc lithologic Ire 
Cause lithologic cliaracteis are objCCtivE and the\ furnish the basis for most 
differentiations including those that involve mterprctations. Lithologic cliar 
acters Cfinsht of all observable features of the rock langiiig from tire most 
obvious to the most obscitie. Included among tliem are all general feature; 
such a.s com position, color, bedding, anti so fnrtli, and all pctiogtaphic and 
some biologic details. 

Lithologic facies may be ctiiisidercd (1) without regard to tlieir reb- 
tionj to each uther, {21 as variations in a vertical sequence, and (>) as bt- 
eial variations. 

Rocb of stmilai compotrifion and appearance liave been dibtinguished as 
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a {^Ttkiilar bcks reganilcss uf where they mi}' oecni or of tlrrir leladoin to 
nthcT TOekii. Such flutiricticm is clasiGcatory only, ll implies rnittilng cmrpt 
that nxlcs can be differentiated on the basis of certain tdioscn chiracteTS. 
Expnssion; like '‘red beds facies" oi "black shik tacics" nr the nen more 
geneiil “imiestonc ficks" oi "sandstone facies" may apply to either l l 'j ail 
rocks of a paitietdai kind, no matter where they may occm, or (2 J particu¬ 
lar rock bodies of unspecified form and extent wdiosc relations to other facies 
are irideteiimuate, Simibr terms also Irave fteen used in a vague wav to ds- 
i^iate euviionmenh^ in whkh particubr kinds of sediment aceiimnlatcd. !l 
is. of CDUise, important to distinguish diffcceut kinds of rock and to relate 
similai rocks that orair at different places hut such nnsupplemcnted obser- 
v-ations ate not likeK to have much beamig on cither litljologic rarisHoiisi 
Qt the problems of stmtigmphjc relations resulting from varialion. 

Ttie association of facies in vertical scrjiituccs or their traiiiitious Jatciallv 
involve stratigrapLic cousideratious that arc discussed in a later uaffttm. 

'Hie Icmi iithofilcies was mtroduced as a substitute for frt/iofi>uit.- ft^-ies. It 
Las been employed in the several different wap that havt been noted. Cen- 
cially, however, firhufocres is consideted to apply to rocks, aiifi only indJ- 
rectiy iiid incidentally to environment. Lithofocies bgve been regarded as 
cither inebding or excluding the biologic contributions to sedinieiitaiy 
rocks. 'Hie biologic aspects of lithologic character cannot be excluded en¬ 
tirely because they have been of doiiiinnlmg impoitancc in determiniiig rite 
composition of such nxrks as limestones and they have strongly mfluemied 
lock coltira, as in carbonuteoLis shales. Biolc^ic features that do not find cs- 
ptessioii in Audi physical characters of tocki as emnptwiticfii, texture, and 
coloi can be eliminated, however, from the concept of this kind of facies. 
ActualTy nn pracricatly meaningful, strict sepamtion of the physical and bio¬ 
logic elements that hate contributed to sediments can be made. Ilieii inter¬ 
relations arc so iiitiiiiate that the ermsiderahon of one to the entire exdu- 
sion of the other« altnost impossible. 

Meramorphic fades ate a special type of litJiologie facici. Otdiuarilv tliev 
find more application m a tcnisiderahiun of tectonics than in sliafigiapliy. 
Tliey record, howwer, the advanced stsiges in a series of ulteiations that bfr 
gan willi the diiigenesis of sediroents, and no slurp or cntiiely salishictoiv 
division can l»c drawn, Varioiu diagaietic tlianges such as those involving 
dohimitiTarion and chertification eommonly are tetognized as bases for 
lithologic facies differentiatiemr of importance in stiatigraphy. 

Brologic Facia 

Biologic farics. like lithologic facies, utc nfajectht becanse they are based 
solely on observable characters. Tliq' may be defined as dtliei I) strirtiv 
biolrigic, con-sistuig only of ocganiitiis aaociated in faunas and Boras, or 
(i) geologic, consisting of rocks duractcrized by their cngEink contents 
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respect m my lilholcgic features. Facies tlrat arc strictly bjologic 
are impertaiit m paJeoufotogj- md pileoecologi" hul they have little direct 
application m stratigraphy except in coniieeiion with correlation. Biolo«ie 
6icje$ tiiat ate also geologic (mrrlffp <ind grade intn lithologic (iieics because^ 
as alrody tiotcd, tht kfiid and amount of organic products present in sedi¬ 
ments may strongly mflnencc the resulting deposits. Conversely those phra- 
cal and chemical factors that are recorded fay the nonfaioTogic elements of 
sediineuts arc an essential part of any biologic setting, and the distribution 
of OTgattlsiitJ is more or less strongly iiiflueuccd hy them. Tlie tlistrihulioij 
of tiTgpUiiSTrUt liDWTTVTrp al'vO Tr:s|Hjnds lo oHiet eeologic factors ilia I are uol 
recorded in the sediiuezits and some of llicsc may be of picdouiimting im¬ 
portance. Vitiations in these ktter faeton result in biologic differences not 
necessarily paralleling changes in lithoiogic Facies. Ihiis, itne type of rock 
may contain several different assemblages of fosrils* Ahov b'^if more randy, 
siu jilar issembiages inay Occur in diffcicnt tjpes of rock. 

Like litludogk facies, bkdogk: facies have been considered eithei witii or 
without reference to each otha. Thi^y Itave been regarded at either collec¬ 
tive factej defintd by particular organic assemblages, whcie^cr these may he 
present* or specific biologic nr gealogic units tJuit occur in veiticul sequence 
or mtcrtofigue or intergnide laterally. No sbnrp cibtinctidti nTdinarily has 
been made 1>ct\vee[i biologic facies that are as^nbfage^ of fossils or Ixadics 
of rock and the environments that ore recorded by the objective facies. Fi- 
nally, the Icrm biofdcies has been introdocctl as a substitute for &^o^ogic 
fiicies. 


Strntigrdpkkj Fiici^ 

Both vcrtJcaJ and horizoritaj variability in iiedimeiitiiry' rocti are aspects 
of stratigraphy recording diffeiences that arc related in time and in space 
lespcctivdy. Both kmds of variability can be expressed either in tenm of 
convctifiOnai stradgraphicit! units or in terms of facies. Ihe must practical 
fiidt;s aUu are stmtlgraphic units and Lliej^ do not differ importanlly houi 
the more familiar rock stratigraphic units except is their mutual rdatious 
are trmpbasized. lluiij ordinary stratigraphic tmits itre CQrifitdeT«i prmcipally 
in vertical sequence wbercai: the lateral rdaticus of facics arc priinadly im¬ 
portant. 

Each kind of material stratigraphic unit is paraJldcd by a kizid of strati- 
graphic fades as foIim'S! 


l/nst 

R«li HEur 

lUiTiTjrHj p-Mph iqill 

Tlllac-it>cV lUlit 


SlraiijijapAk F^mit 
Lal^itdfkr lucici 
tjkckf 

Tonpoxal Ebqc^ 


Most rock and biustratigniphic unib are sotneuhal generalized facies U> 
came they are chameterized by certsin unifying Ihhologic or bbiogic fca- 
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tinesr Time-rock uniLs are not because, Lheoretically at least, they sre mde- 
pendent of all niiterial cDtisider^tiom, 'llie ^tiatigniphic facies generally aie 
laterally ermtiguoiis, differcEitly DoiistvLutcd* aral fliubdrvisiom of these iiuiis. 

Strarigraphit facies weed imi eorresipond* 1iowc\=^er* itii any form ally rec¬ 
ognized stratigraphic unit- For cneattiple^ g sfratigiTphic unit may l>e subdi¬ 
vided mto sutctssive vertical parts, each of winch is differed listed separatdy 
into facies. ITiesc parts may l>e delcnnined by any features iliat are distinc- 
tive- if no such features penuii coniiisterii subdivision, the unit may be sliced 
into horizonlal part^, each of uhieh comtihitcs some atbilciTy fraction of 
ihe whale uniFs fhictru^s. More general imiti also may lie recognized 
for operationul purposes wliith cumbicm scv^eral fonnalioii^ or even Iran- 
scend sy-stems. .Mtogctbcf great bhttulc is possible in the selection of strati- 
giaphic units that are tn provide tlic basis for stratigraphic facies differenti¬ 
ation. 1 he units tlio^en arc likely to be delcmiined equally bv the limitatiomi 
of practica] stratigiaphy and by the purposes mDtivatiug a paiticukr facies 
study. 

Sirnctura/ Ffficics 

Strah graph it stmctuies like biohenns ak> are a kind of facies because 
tiiey differ fn^m sutrouiidiiig rocks in hiulIi ihc iaiiic way's that stratigraphic 
facies differ arnniig theniselves. Stnttiural fades, however, gre ncit likclv to 
be such well-marked subdivisious of csrdinar)' stratigraphic units because 
they may be completely enclosed w^ithin g unit or they mjv continue fiom 
one unit into anotiier. llierefore the relatinni bclw^ecn vudi stnictural facies 
and interbioUcrmal fades are riot %o regular oi siiuplc as the rdatjaiis be¬ 
tween adpictntnr succ^ivc stratigraphic facies. 

Fticim Boundimes 

One of the most important pmblcni^ m connection with facniS concepts 
coiicenis bfiuudaties. It has both practical and theoretical aspects and has 
been approiiched by different persons from different sbindpoiiits. Tire m- 
tuie'i of horizontal boundaries separating faeicii that succeed eucli other 
vertically in a stratigraphic section and veTtii;::il bonudarics icparabng bner^ 
ally adjacent facies require separate cniisideiaiion. 

Accurate reconstruction of paleogcography and geologic histon requires 
tliat crMiipaiisons be ninde between temporally equrvalcnt fucics/The best 
that cadinarity can he done is to compare lateral facies subdi^hsions of Hme^ 
rock units whose boundaries approximate time pLiiics, The boundaries most 
commonlv utilized to limit prachcat strarigraphic facies, hovveicr, arc those 
that define recognized lOck stratigraphic units. Some boundisri^ of this 
kind transgress time pbn^^ imprniantly, cspecmlly those related to episodes 
of ttamgiessivt or rcgicssivi: marine movements. Ollim are uncunfannitics 
at wluch variable parts of the stratigraphic record are imrqjrescnted. Any 
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froTo met irnic equivnfence of the facies com|93Ted is likely to 
cause some iuaccunicy of interpreUtion, Correspoudeticc may be so iiuper- 
feci hetweett distant parts of a large area tlial restiltiog compaiisoits are 
Mrrioitsly misicading. 

lateral facies boundaiics generally are giadationiil. If bouitdancs an; 
dra^Ti tn such a way that adjacent stratigraphic facies iiave Tniihially exclu¬ 
sive a real rebtioas, tlic boundaries arc srbitranly located verticaJ planes that 
cut across the bedding fscc Figure I'M) This method of arbitraty cutofi 



FiguiB 194, Block diagitirti llluilroTmg Iho rdoliom ot fntertongued rifhosomes and 
staliilkaffr defined tfrhofaefos riial ate latminoied a I on aifertfonf tertlcn! curaR boundary, 
tn Ihii oxample a Kulddone and a lhak llthosoToa orv dfltkgllltHttbk. Ttio •talisricol 
boundory k druanr so »hol tK© IHbafoCki on one side k more rtioH £0 porconi londOone 
cod on ihe other mote than 50 perceni ihol*. The boimdarY bslvreen itl* Iwo kindi d 
sedEment Dl Orty depOlkionol surface leporatOi iwo Jilhompea 1 Modified tram Wheeler 
and Mallory, 1956, Bu/f, 4ra. Asicc. Petrofewor Geof,, yol. 40, p. 3714. fig. 3.1 

may be accomplished either f 11 quaJitatiwI)', in such a rruioucr that adja- 
cent fades differ in snine general way (see Figures 195 and 01 

(3) quantitatively or statisricalfy, that a boumlaTy separates tvsn fades, 
characterized bi some measurable objcdii'e feature, in such a vray that tlie 
numerical value of this feature is greater than some arbitrary quantity in 
one lacks and less in the frlher. For example, two qiinlitative fades of this 
kind might be distiiignishwl dqiendiiig upon svhether 0i not pioiniAcut 
sandstone hetls are present, llie boundary between them will be inott or 
less indefeiite and it might be drawn at different places by different persons. 
In cortxjst irw'd statistical fades might be sejmiatcd on the basis of whether 
or not saiidstcnc exceeds 35 jactcenl of the total stratigraphic tluckness at 
any place. Suth a boimdary is much more definite and the acenraev with 
which il ran lie drawn depends only upon the number, distiibutiou, and per- 
fct'tiou of outcrops and sohsurbice lecoids. Mure complcc facies differentia- 
tioii, particularly of ihe jilatistical lyTW. mttv he based on variatmiis of seiciaJ 
features simultaneously consideted (see Figuie 1*^, ji«i Figure 206, p i. 
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Tlic torn lithijfaciiit cmpTovcd most commonly for lithologic strati- 

gfaphk facic5 of th is Irind. 



Figure Map ef lh& Grcund Canyisff ctnd nvHij^KbarEng n&gioni 

ihawin^ Ififi dirfrereni fEHiql^lc dawiopinwti of tlw inkldJc PMittbHf 
of !ti€ Koibob Hrmofton ^PtrmJ. Thh ii o good axomplo of a qkiqJ^- 
loPive Ifirhofodei map. Cbongvi occyf groduaPI]t and rilO boundpfh^ 
ore afbitroi 7 . Tho divliuin^ ms not syitsmoiicotlr, Thoy op- 

peot to bt mDrt diitin^ thm Pfiey oeTually ms^ tAftcr Md^e«, 1^3a, 
Coniagifl Init. WofkltigtGin PubL 4V:2<, p. 45, Fig. 


Latcrsil transitjon involve the giadunl change of some objective fea^ 
turn such 05 ctkijrsCTCSs of sedimenL or lithologic rouipoflitinn, Tt ttlhv also be 
accompliiiljcd by jfltcrttingping ancJ wedging nut of uuliie stmtj in opposite 
diiectinns. If Utcial fnrica boiindan» are dntwii ai tlic actual contacts be- 
U-cen intcrtoiiguing bodies <if contrastuig dtaiacten, the facies are lildy to 

Figure TM ropp««l^0]. Lftficrfocw; and rtlickn*»s mapi of tho Shok tOtdJ 

in tlikdi- tti* MaquDkDta Sbple woi cnorH Of !«« urbirrorijy dmckd intq fhfM rriBnibon 
tHot vmy h tWckntii freiw place to p3o«. Hi* uppcnr h moirtly greBniiFi iNe mlddli 

Ott* dedOffliic nr IJmEifonff, und Hi* i<J^*sS brewnil^ iKdJ*. Non* of them h lUHiuEtent m 
ritholo^, iai:^ flfadea loieralty Into or nircks*! otKer kiitdi of matarid. TKt mop^ Omt 
rtre doqimpnt IJHigSoglc cho^octfrr of omh Tnembef ond irj ifoiloHorii and kidkale not*^ 
«offhy i&mistiHir of diflorent liitdi of rmk, Hi* mopi ore enifrety qwlrtotiva end Fki«! 
n«ifi i!rf Ihfl quanTitoEiva fiotuiOi of thdtoforie* mopi of illm of a foreiotCpri. 

fJJtBT Pm ftoiE, T9-45. fit Goof. Sure., Rep:. IntMl. 105, p a, fig, nnd p. 10, fig. %] 
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be vcTV* imcguki: and they inteipcneExate eadi other in trails itionsil zones. 
Such rebHons can be mapi^ed, but maps of facies of LliLs kind sbou' 

repel t«I altematiTig members of the same muts and not a limplc vertical ¥iic 
cGsioti of different siratigtapliic tiidb tike formations. Tlic term 
lias been introdiieed for lithnlogic stratigraphic facies of this kind to distin- 
gaush them from the mme simply related statistical lithofades {see Figure 
I'H, p. S09k In many situatians bteraUy transitional facies uuglit be differ¬ 
entiated either as intcrtongiifd lithoitonies or as statistical litliofucks. 





fi 9 Lire 197, Sn^lislicq] Mlhc^ciciBt mgp thaurin^ uyero^ iat«fal varbrions in 
ihi: cgmp 4 f 4 Hgn of of ^ijTi'QjQal ^hTflugfiDLil o yfff ffirg# region In ■'He 

norih Uniied Sigie^ and od|doefil o'tot. Tht accurate earrvlatton gf nintg 

In all parti ol ivdi n rflgEon prwnl^ prcblami. Ng thin ar r^ilrlcted 

part of ihfr iltoliproohk wction can bv recognized everyvrhoro with d&iirablk OCr^ 
toirily, Comeqij^itly g thkk i^uvrice rtfpreMnnng g long fnttrvql of was 

KltCttd htf ilvdy attd Th* laequence coniidervd' h*tei iiridod^ oil Iwdf 

ol ifo Mkldl# orrd UcspflT Oitlovkion, 5tKuriian. nnd D^ankm cy^temt. Thh mnp 
differs in no reipeci from ono thol nnighi b« mode for d thinner itmlSgjigplik lac- 
IpOpi. H I?>erggs» o-ut» howOYor, the reiufli of geotggk coodFtinfii rhot prObobFr 
chtmgrd kmpOitOMtly Jo wony woyi, Ot mqfiy ptac-*„ ond ot nrairy hmc 5 . CoTise- 
quently the tLynifitonc« of rhil pqftem of lilliDiogIc >crrbob£lily It very ob^u;0. i^AFter 
Slosl ood Oihet% 1749, Godl. Soc, Amor.,, Mem. 39. p. | ia, fig. 10J 


Striicturbil hicics. tucb .ns Utcc non-ioef biohctm;), generally mtertongue 
with cntlosiiig strjbi, BLtaiisc of iincvcn Liberal cxpjiti^jon of their lower lar* 
cft ;iucl similar contracUou of that upper ones, these shrurtures luaj' util liaAT 
rt^lar upper aiul bwer hrjuiidarics. Or^anie reefs alsti crmimmily uitct- 
Icnrgue, bul liaiisiliDn occurs iu. the clipping stmta of thdr daub, arid tuiMt 
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reefs are siuTotitided by yotinger strata that are irot part of a lateiallv equis’S' 
lent intemarf fades. In strata containing bbheims and in otber shatigfaplitc* 
secHom where lateral gtadalion is ttinspicuons, the boundaries between inck 
stratignipbic Quits an: likdy to bt diaivn at diffeiciil positions in the section 
from place to placs and the reoogiiition of fades that ate teuiporalh'' ec^uivd- 
lent and signiSoant for direct compsiison is s’erv' difhtiilt. 

Envrronrrienfuf Facifsi 

Several kinds of environmental fades tiave been distiuguislied. TTiose 
noted most commonly arc related tt> particular lithologic, biolt^ic, and tec¬ 
tonic environments. Littoral fades, nioUuseari facies, and geosyucliital facies 
ate csamples. Most facies of these kinds are based upon objective fcatuics 
Selected because of their inferred environ mental significanccL This mtopre- 
tativc dement, which contributes importantly to their differentiation, sqia- 
rates them frrrm puicly obfectiv c facies. There is at least a theorctiCiilK' signifi- 
caiil difference between 11 ) a saiidstouc fades iLat is recognized simply 
beonse it differs litiiulogically fmm adjacent sliale and (2i a fades tUal is 
recognized becarusc sandstone is believed to identify d sliallnw-watCf, near- 
shore cnviTunnierit. The endronmcnlal concept of facies is iinportant he- 
cause It directi attention to luterprciation, Some contusion exists, however, 
because it eomiects the concepts of rocks with concepts of the envininmctits 
that rocks leccrd, and adeijuate distmclioii between them generally has not 
been made. 

Enviromnental facies of different kinds are not exactly cotnpatable. Lith- 
ofacies art the sbiiplt»t becatise litllologit features provide diiecl evidence of 
some important elements of the sedtmciilaty envirofrmtmt. Other sigiiihcaut 
dexTieiits, however, are not recorded Riofacies prevent mueli greater pmb- 
Icnif. Tlicir cTtviionmental implications are mostly interpretative and they 
arc less certain bceause of mcornplclc uiiderstaiidmg nf paleoecology and 
the possible otainetice of misicd faunas- Even where benthome faunal ele¬ 
ments firmi diffticnt plares liaie not been mtenuingltcl. a biofacies uiay re¬ 
flect two or more vertically stratified ciivtronmeitl.v. 

Became the distribution of species, genera, and higlicr tavrniomic catego¬ 
ries of organisms has been restneted in both siiace and time, similar ^olugic 
roles have been played bv different organisms in different areas iind in dificr- 
ciit epuchs. Coiiseqiieiitiy tpiitc different biologic assocutiems may indicate 
practically identical nniromwciits. If binfacies arc considered enviroimien- 
tally, a particular biohicics might be represerued by STrata oF any age that cori' 
bill foisils indicating this cnviroimienl cs'en lliougti the hissil* arc not the 
same, if they sit viewed ohjrTtis ely. Iiowtver, and tldrucd by particukr fos¬ 
sils, biofacies cannot be ditplicated outside of a sliatigraphic zone represent- 
iiig an interval of time too short to have witnessed ypprtdabk evolutionary 
eltange, or in two areas where the organic communities were different. 
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TecUintc fadts^ or tectofacies, aie evtn less cbjccirv'e than emiroiiiucntal 
lithobdesand biofaeiei ticcanseii] mauT instances tbe>- arc tecoguized only- 
after intdprftations have been made. lii actual practice, principal reliance 
generally is placed on Utc variations in thickness of stratigiaphic soctioni, and 
the actual chaiacters of the rocks arc of suhoidinatc importance. Insofar as 
rock characters are employed in diagnosis, a tectofacies is only a special kind 
oFlitliotacics. 

lire importance of cnvrroniaents is widely recognized. .Attempts have 
been made to emphasize them m fades considerations. Bioiopc is a tenn 
used hy biologists for an area of imifonn ecology and organic adapbtticm. ll 
has been adopted in geol<^. and two companion tenijs, lithotope and tcc*> 
tope^ have been introduced with somewhat similar sedimeriLir)' and tcctonic 
meanings. la spite of the ctymoJogy of tlicse words, which indicates that 
drey should refer to places, they have Ireen used more or less indiscrimi- 
nately for fl S areas, {h crivirDiiments, and the records of enviton- 
ments.The term ftthosoijic, which was nriginally defined as an uitertonguing 
litJioIogiL facies, Iras been employed for tlic rock record of a sedimentary 
cm'iromnent Also the similar words hiosome and tecfotojftc have been pro¬ 
posed for the records of biologic and tectonic environments. Much confu- 
sinu among these concepts and tetnis is evident. 

Hierarchy 

Facies arc not wcH adapted to arrangemenl in a hierarchical succrasioa 
hke crjnvcnlitmal ^tratigiaphu iinih. Nt'iertlidess the varxujs facies concepts 
related to sltatigraphy that liavc been discussed can be ordered m a stniieifcc 
of dimiuiihiug gcoemlity. In espressmg this order, difficulty U ciicmmtered 
m rTOrrencIaturE because most terms applied to facies raiiccpt.-i do not have 
rarainings that are orcliisive and prceire. If certain particular meanings are 
given preference, the following order b evident; ^ 

Fucks l-^cirrial JSSodatiuD of cettnin related tspes of locL 
l"iieks 2 —body of related nKks not defined with rvspcct to others. 

UlluiFadtis—rtra^aphic unit.mnv consist of lifhosoincs, 

Liiliosomc—paitifiibr kind of mckl niBy consist of lithiHimnics. 
r.itha5trnme^bed of unifunu diaiuetcr. the recoid of a lithntope. 

LithotGpc—area of ijiiiftitn] 4."pv'iiidpnfH:nt. 

rhis lilt is etincemed only with lithologic facies concepts. A rfiffemit ar- 
rangcrricnt wtuild result (f different meanings of there feenw were empha¬ 
sized. Sirmlar lists could be presented for Cflmparablr biologic and tectonic 
concepts but these would lit less pmetical. ITic brief descriptimrs accompany¬ 
ing the terras are not mtended to define them fully. Facies definitions are 
considered in a htet 
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Genetic Fcrief 

trades also liav-c 1>ecn regarded from a genetic viewpoint. Genetic facies 
gcncmltv art Tiighly interprefative and even less objective tirnn enrimnnjen- 
tal fades. Th^' diifcT from most oivixonmenta] facies because 
mtlierthau conditiaiis are emphasized m their diffeientfatiniL Thm ttitbidity 
cnncfit deposits con'ttitute a facies debned by its mode of origin rather than 
hj' conditions existing at the site of depositiem. Serme fades might be v iewed 
equally well in se\'tTaI dififcrcnt ways. For example, bjoherms might be con¬ 
sidered structuiaJ., enviroainentjilr ot genetic facies. The concept of purely 
geuetic fadet has fouud few' applications in stiatignipby. 

Geogtttphic Faci^ 

Thcidimtificatian of rock facies only W'ith modem geographic areas miely 
lus much meaning, W^jcre there is semne basis for such a differentiatiiu^ the 
facies are IlkeJy to be mneb generalized and to liave inexact boundaries Ik:- 
cause few areas or large regions recognized today correspond cbscly with sig- 
nificaut fHJenge'jgraphic subdivjiians of any kind. If irlcntTfic.itiQii is made 
w-ith ancient itreas, these wtII proliahly be defined stmchrally and the facies 
yremort Or Icsssuiular to tectonic facies. In any cascgcognsphic designations 
sent! to ccmccal whatever actual distingnisliing fea ture them may be. 'rtius 
the Ozark and Wiscxsnsin facies of the Upper Cambrian wiiuld be much 
more intelligibly dcscnbccl respectivdy as limestone and sandstone fades. If, 
however, somewhat siinifarly de\^elopcd facics occur Ln otlier areas, the use 
of a snppleniefitaiy geograpliic name might be advantageous, as^ for example, 
in cbmpring the Wisconsin satidstone facks with an Adirondack sandstmic 
facies. 

Fodes Clossification 

PiiItems shown hy the ccnslruction of ^tirious facies names indicate tliat ;i 
kind of facies classification has dev'dqpoil, lliiis facies differentiated on the 
ba.sis of rmc or another element of thdr nature which is raided as impor¬ 
tant arc identified by such terms as lifAoftrcrcs^ bjf>fiiCTe®, and Cecfofaeicjf. 
These mav be considered to distniguish aspects. Facies differeiitfatcd 
ouL the basis of their form and mutual relations are identified by such Jerms 
oi Jitfi<wonie, lUho^tmme, and lithoiope Tlicsc may he cou-'ird" 

eted to disHngtiisli fucks cIoAses. Diffcrtidiation of facies by aspects atiri inio 
classes has produced a useful classification of facies concepts but it ius uof re¬ 
sulted in the drfvdopmcnt of a $ati£factoty^ system of nomenclature. 

ASnch of the confiision in the imffan^rduted use of farics temis appears 
to be mainly a remit of difference in the approach to general facies pniblems. 
From one point of view, bferalty intergradiiig rock bodies are primarily straf- 
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igtaphic xmiK that diotiJd be integratctl into the systein of OTDvcntitraiil 
jltatigraphic classificatioti aiui riDmcndatuit. Afcotdijig to thii idea, {omia- 
tiOTTS, lithofacies, and litliostmies are coniparable but tliey differ with 
lespcct to form and mutus} rtlatiatis. Llnits of this tdii|] can be cla^iGed a& 
shorvTi in Table 15, 

Taila IS. ClajfiluzBitkHi of Fsdct as Scr^tigr^hk Uoit* 


Chsaa StratifrafifciEr Aspects 



^jQcIc Unils 


TiTTir- 



firtphic 

Rcxrk 



Unit* 

Dnlu 

VflTiMlly wranivr 

strxti^phk: units 
l^ierally intDtDii^u^ 

rcsrmfltjora 

Zonea 




mck tMidiis 

L^ctaUV ^quivalmt* 

LlihaMnc# 

BiOAeOlEA 


ruiTuricAlly 
i-nt>3iFil nyck. bcnilcft 

Lilliofa^kii 

BkrT^ict 


Ljuym of uniform 




etLBn£:trr 

Lichadtruma 

tin FI 11 



lii contrast facies may be viewed as ertviromncntal units which ate impor¬ 
tant eWefly Ixt^ause thdr clianictCT; and differences aie subject to itifcrpreta- 
tioii and CTpbinatiun. Units of this tmd arc clai&iHed in Table 16 , 

T^1U-e 16,- OBBuiEkntiiHi oEFadn se Fovuockiiicnial L'tttm 


EnviraniEirtLlkli ^nvirontticrttaJ .\ipccti 



PhyjEiiBl 

fliofoirk 

StnKznuaJ 

rfopcQatiOdPil arcBt of 
Ufllfann cuviroiinicnt 
BadicH tpf rock rcmrtfm^ 

l.itbotopcs 

Bimopn 

TifC[oiop«d 


iiiufocm tfnriitrmluttVIJ 

VcrticiiUy Us*mri«J lat¬ 

l.illltOiiiiTlfi 

BBcuainr^ 

TiKtesuaMrU 

eral parts ttadral of 
itrzrimor^llilc units 


ftinf-jirira 

"FaztiifiicjiCi 


T ypm 

Stratigniphm are conciTncd pritnarilr with bcics that are stratigrapliic 
units blit they hti: intcicstcd in them mainly because, as envimiuncutaJ nnib* 
tlie>' are more useful in luterpietaticm and in the reconstruetjon of patco- 
geographi' than :ire eonventmual strallgiaphtc mi its. A review^ of facies con¬ 
cepts re%'calSM however^ tliat hirtuni other I ban those ntilizcd iu llie foregoin g 
classificatiotis are luipoitant in EicEefi djsctimiiiation and that n btuadcr view- 
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paint is desirable. Tims fades tint are definitely stratigmplnc tuiitr grade olf 
into others ibaE arc not. In « 3 nc direetton thev paM into pdrc^Taphic facies^ 
ors^^me dtber comparable kmd^. and m tlic other djtfv mer^ into fadt^ Cfini’ 
eefTLcd with cnvirnimieiits and nothing ebe. Faeies. therefore, can be differ 
eiitiated iu anatbtr waj that appears to be iiiorc fundamerttal than division 
ijilt) clashes or bv aspt:cl$* Three diffeient Hpes of fueies can be recognized: 

Type L Facies differentiated prinniriiy on the basii of appearance or cojh- 
position without respect to tiidr formT iMimtlarics or ninttial iclations. iTiesc 
may be termed peiro^,rdphic facies. Even though some arc cliaiiictcrized by 
tiidr fosiils, the fusdlicaii be regarded as rock constituents The^ie arc ull geii^ 
eniliiu;d hcic^ in the saise tliat i 1 ) tliey are more or less diamcteristically 
hcterogeticons or (Z) stmtigraphic continuity is con.sidercd to be unimpiin 
tant and is ignored- 

Tjpe It Focics of dtamctcristic compositiou differenbated among Ebon^ 
selves priniarilv on the l^sis of foniif tint ore uF l^uiidiincs,. and mutual rela¬ 
tions. Tlicscai^ all Etratigraphic bodies of one kind or another. iTicy iiniy he 
ternied .Ttro'(jgrff^/tic fttcics. Most of the stjcciahzcd kinds of facies tliat Imv^e 
bceniccogn EZioi by strstigiapliers ate included in thisErsiupi 

Type IIL lliat arc canccmcd suldy uitij ciivitonmCEits. Tlicsc ate 

not sediment^, rnck$» or ^trafigraphic bodies; in fact Lhey are nui material l 
T hey am related moic elosciv tu ^dinicntnlog). biology p or tutoiiKs than 
to stratiginphy althcmgh their applicatiuus to stiatigrapliii may be iiuportant. 
In cflutrastT facies of T^pes t and IJ consist of nxks ev'cii tlioiiEh interpreta¬ 
tion, and parHcnlarlv environmentsf Interpretstionn may influence fn a large 
degree their recc^nitioji and diEFcreutLilioii- 

Fticies Classes 

Current concepts indioitc tliar feeies of Type? I and r I be subdivided 
into classes, The tvt'o ebssts of Type I facii^ arc the following. 

Ctas^ A Facies consisting of all rocks of a ccdaiii kind n ithoiii any refci- 
cnee to tlicir form or occiiiTciice. There can be nnSy oi 3 € fticicj of Ciich knidh 
llicsc facies generally are le^sslieterogenCEJus thLin those of CUi B. &xid ex¬ 
amples are hlack'slialc facies^ oolitic limcstorie facicis, and grav'\iacfee facies. 

Class B, Facies consbting of actnal huge liodies of nidcfinitc or uiispccified 
form, e^ent, and miitnal rebtiom. idlenmcd by gcnemhzcd ft:atines of dicir 
cDinpositian or apiK^rance^ that occur in certain areas and more 01 Iks re- 
strictCil parts of the stmtigraphic section. Eraniples are red bed facies, evapo- 
fite facies, para lie fciclcs^ and gcosynciinal facies, riitie arc ha itiauy facies of 
each kind as there arc separate rock bodies. 

The three cbsscs of Type 11 Or stratigraphic facies are the foltowing; 

Class C. Facresomirring m verticaj'suExcssion whose boundaries are more 
Of less horizonlaJ stratigraphic pbnes uud vvhose lateral rcbtitms arc unspeci- 
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Red. These rommoTrty contsporrid to ronventiOTial stratigraphic imits sudi as 
farmations^ stages, and zones. 

Cluss D. Facies that arc latcraDy inteigrading parts of some kind of shati- 
graphic nnit and are separated at more oi less aibitiai}' veiticsti entoff pknes. 
These are the statistical, mappable fnuies that have become important in viri¬ 
ons kinds nf facies aml^ids. 

Class E. Facies generally of stiungly contrasting cUa meters whose lateral 
boundaries are inegukr. They mtertongtie and record shifting traasgiessive 
and. regressive relations. 

Ibis subdivision of sbratigraphic facies appears logical but it is not entirely 
practical. DifEculties aie encotiiitered when an attempt is made to cliissrfy ac¬ 
tual sLcatigrapliic bodies. Facies of these dasses are defined on the basis of 
their fortii but aitentton Las been devxftcd almost exclusively to the mutual 
rektiotLS of adjacent keies and thdr bonndaris, and consideration of the 
fomi of ^ keies as a wbok Ims been neglected. Thus out^ fedes migbl inter- 
tongne with a second in one dineettem and pass into a third m the opposite 
direction 3ft7 giaduaUy that dlvtsinn utiuld be made by arbitrary cutoff. 5uch 
a fades would be classified as belonging to cither Class D or Ckss E depend¬ 
ing upon tlfce direction of approach. Also a fwmatioji or other smular strati- 
graphic unit must tcnninatc laterally soinewfioe. Unless it ends at an 
ouEciop or is cut out at ancoijforaifties, ii must be cut off arbitrarih or 
iiitcrtLmgnc with ^otjicr ^itratigrapbic unit. Consc^^uently ii di>cs not iffer 
essentially in Fotni froni hompntally diffCTtaitiated fecies. 

F3ri^:^ of Tvpt 11 [ constitute a sin^e class, 

F. Facies that arc cnyinmnieDta] areas and not scdunentarir' or rock 
bodies of any kmd. 

Facies Aspects 

Tlic aspect of a kdes i$ determined by the kind of dLaoctm relied on for 
its rccogniticm, Tlie aspects ihai Iiave noted ^ shown by the ckssifica- 
tk>ni Dir page 516 are (1] lithologic, (Z) biobgic, (8) tectonic, and 
{^) chronologic. W'lth few and cosnpamtivdy unimportant exceptions, only 
lithobgic fjttes have found applications in stratigraphy. Future studies, how- 
cv er, are likely to bring other aspects into greater prominence and increase 
their relative impartaoce. It is also pcKsible, bowwer, to conaidei fades in 
terms of other aspects^ particokrly if lithologic characters me broken down 
into Ihdi components, such as dicmkal composition, mineral rmture, 
tcrtoral detaib, and to forth. 

'Flie three fades aspects that have received most emphasis art not as dis- 
tmet aA the names fftftofrjtrej, bioftsdcj, and Uctofojcwi seem to indicate. A$ 
previously notedL Diatiy of the organic coti^itoenk of rocks may be regarded 
as Cither htliologie or binlogjc features h Also the tectouic category h a special- 
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i^.cd lithologic aspect that is dependent upon inteTpictatkinF hinaliy,, fmtliirT 
possrbit suLtiivisions of facies aspects ntake logical disdnctions increasingjy 
less clear- Altogethei^ the iccognition of different aspects docs not aid in 
ilie development of a reasonably sintple facies ckaificatioQ. 

Condusiom 

Consideration of the elemeots of fades ebssification indicates that tlie dif- 
fereiiiiation of facira concepts as applieil to stratigraphy into types and 
classes and vvith tespect to aspects and objectivity is m simple matterH A s}v 
tern like th^jsc presented in Tables 15 and 16 is not adequate to organic all 
Cmrcnt facies coiiceplA and show their relations because too tiiaiiy variiiblcs 
arc involved. Several of the tcniepfs arc not sliaqsly distingnisliablc among 
thcijjsdves, and separate tlnssifijcation ni'ouid indicate mure dear-cot diffCTtn- 
tiation than actnaJly ocems. In the interests of accurate thinkings an analj^is 
of the factory on u'Jiich some kind of (Ufferentiatiem can be made appeirs tn 
be MTprtli while, but no simple, practical pattern of rehitionsh^s emergps. 


Fades Ncmfinclature 

As understanding and iippredation tif the impottance of facies rebtions 
in sedimentary rocks have gmwn^ one concept after an other has been tecc^- 
tiizcd 3 Jid foimub tedi and temss to cypress s-anoiis fiicics rein hi on ships have 
appeared. As knowledge increased* ideas changed and muHipiied. Old temis 
judged tnailctjuatc to cypress the niore coin pics relations that became 
evident. Same old tcnii.s acquired specialised nicanings and others were re¬ 
defined or used With more reahicied or otherwise altered meaning?. Because 
facies pmbltnjs have becii apptoachc<l htm mme Huo one stand|XPint. how. 
cveig redefinitions of old lemis^ eicpiesscd or iinplicd+ have differedr Careless 
or inexact definitions nr ill-considered usages^ also, have confusrtl a variety ul 
concepts under single terms. ConsecjUciitJy very' few available facies teiitis 
I lave geuerallv accepted and exact meanings that ate adet|U3te for idtTihfy’ 
lug I lieeorieepts they ate intended to represent. For cxamplcr the word litho’ 
fades lias been employed to designate each of the classes of facies listed 
above except the bvt. If also has been used to mean (1) lithologic appeaT- 
ante, {2] lithologic diameter, (T) a htholfigic tipc, (41 sediments rcprcseni 
ing an envimnmentf and (5) bs an adjectivep LLtlioTi^ic. On the otlicr liaiitl. 
a bed characteris'cd litfiologicariy lias bent s'ariniisly refetretl to as fla 
fncics, (2) alithofecies, a bthosorae, (4) a Hthostromc, and (5) a iithts^ 
tope. 

Altogether at leitst twenty-five avoids have been coined or adapte«l to dcsig 
rmte supposedly difiereni kinds of facies having si>me application m stratig 
rapliv* Many o^er facies concepts remain urmamed, and obiiously^ if a term 
wicre to be provided for cvety^ possibly useful omeepi, the most retentive 


S rfL\TlGRAPHlC PRTNCTPLKS AND PfL^ClICE 


5:0 

ntciiiaiy would be sirvertty t^xccl and most geologists would agree Uiat an ld- 
tulcrably burdensome nomciicbttrn; Imd been [zreated. Actually^ no sueb 
dabomire termmalogj' is nccci'^aTy, li pfTOper attention b given to ihc selec¬ 
tion oF a smalb basic, weU-defioed vocabular;-, different shades nf meaning 
can be t^njvcyed by contest aadp wIjctc greater prceisiofi is required^ com¬ 
mon adjectives can be used to modify somtrftdiat gfmeral teniu and make dis¬ 
tinctions dear. 

Faciei 

Faciei is a general term thal finds appbeation in many differetit 
boLli noun and ^dfecli^e. It wa;( oiigiiially used in geology to refer to the gen¬ 
eral appeaniTiLC nr aspect of rocks as this is detetminod by both Irtbolngic 
and imleoTitulogic duiTacteis. It still h used iii this way but more commordyi 
as a iiouTL, it now mcajL^ the actual roct^ tliat aic distinguished or dUFerenti¬ 
nted from each other by some pecdiaiity ui their aspect Or compos itioiL 

A general term of this kind is useful ni geobgr in other fields beside stra¬ 
tigraphy. ITiercf orv, /dcics can be accq:)tcd as ref erring to rocks or sediments, 
thdr ajpeetSp composiiioiij or environnieiits as these arc differeiiLLiited in any 
way that seems to lie iuteresting or important. In stratigraphy speciffcalljr, 
fdctVs can be cmphjycd jn four witiioul much danger of confii^ioni 

L x 4 js j generic term to include all lestrictcd or spctielizied kinds cif fade?. 
It can snbatitute for tlicm rvhett distmetion j$ not Gsential or wlicre confu¬ 
sion is unlikdy. Hie need for such a tenn is demonstrated by the way this 
w'ord IS med throughout this chapter. 

Z lo indicate tire more or less generali/ed appturauco, compoisitidnp or 
aspect of any body of rocks whose characteristics or differences tom others 
are iinti'vytirthy. 

3. For all lock^: of some partsciiiar kind without Tcferetice tn their lom* 
age, or geographic occuncnce, I lnWp ali red beds represent a red beds fades 
and M hbek stmles a bkck-shale facies, in this sense, there can tjc only one 
facies of each kind. 

4. Fora particular bexly of rocks characterized in any way whose relations 
to otfict rocks of different type arc not spedfied. In tliis sense there arc as 
inuny red-beds or bbck-shale facies as there are bodies uf these kind a. If it it 
cIwtoblE to limit a fadtas stmtigraphicaffy, use can bt made of an etpressiun 
like ^^thc limtsfunc fades of the Pakit Creek Fomiatiou 1 Miss. 1 in western 
Kentucky/' 

FadK fjf intCTCHf fn sliatigniphy may be diffcicnliiiled on the basis of any 
obseiA'ablc physica! or biological feature of the sediments or rocks, including 
secondary' totures n:>idtTiig from diagenesi? or other alteration eiccpi those 
produccri bv weathering, structural disfurliancc. 01 meiamorphism. Tims 
luiiestoric or dolomite and tlicrty 01 non'chtitv facies mav be recognized 

Gcographit imues generally dioulcl nut be Liscd to ideutify in determina te 
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faciEf nitlr ttie purpOH: nf iutlirating thil tliey art" iiniilai to some particuhir 
foniiatton nrfitlitf toiiventinual stratigrapliic unit. 

Utbufacies 

A lithotacics h a rock boch. ITiis word tuA bteii uscil foi rocks of somf pc* 
i ^^»n1 iir kuid, dtiler collccttvelv or individually, whose telatiom to others 
H'cre nut specified. More generally, however, a lithofadof Inis been dcBned 
ai A lateral lulxlivision of snme tlratigrapliic unit that is thffereuUated from 
adjacent subtUvisiuns b)' its litiialogit eliaraeter. Restriction tii the latter 
sense appends to be ad^’isiihle. 

The upper and lower boundaries of a lithofacics eornesponil to the Irtnits 
of some stratiEmphie unit. A iLthnfticies may be sepiuated from others liitcr* 
allv ill Lbiee ways L 

1. [.itliofadi luav be separated qnalitativdy at more m less indistinct and 
arbitrary vertical boundimes ou the basis of gcncialiiicd lithologic differences. 
Such Mmfacits uiay be provided with geographic lunics,. like Iiviire Lithon 
fades of the Biodliead Forma Linn (Miss-'!. 1/ they arc named, IJicy become 
fbnruilly recognised stratigraphic subunits. 

Insofar as a formaljon is a litiialogic unit if is a more nr Ics* biosdly ctm- 
ceivctl facies. Tlic nanung of lO(;elly restricted lateral pavis of j formation as 
lithofacies picn-idcs synonyms tluit may be useful in detailed stratigraphic 
work. These sviionvms can be ignored. how'es'Cr. by anyone who ^s not con* 
eemed with details, 

1 . t,ilhofacies may be sqiamled at riatisUcal bemndarics—aibitran-' verticaj 
cutoff pLines. niffcreiitiatiou may be made uii tlic basis of any lithoingic 
character or combination of cliarjctcrs that eau be expressed mmicrically— 
for example, pementages at shale, .sandstoiie. and (iiiieiilone NLiuy other 
feahires tan be used, but as differctjces become rnore subtle, tmmtrical mtsis- 
iiics are more difficult to apjsly- Litbofacies separated ju tins waj are ifufisri- 
oif iitht^aeies and I hey are the kind most commonty tccogiirtcd. TTiei' are 
niappable stratigrapliic imits but are not likely to be mimed. 

\ Litbobities alsn may be separated at iiitertoncmog boundaries—irregu¬ 
lar litbologn: ermtants of toiilRisting stratigraphic Imclies cshihitine Irani' 
grcssivC’regicsstv't: mutuni relations. Lithobicies separated in this w-ay arc lU' 
fcrlongiJot/ hthofueiw tliat canuot be mapped like convaituuwl strutigmpliic 
units. Adjacent inttTtimgued lithobcies commonly differ m very obvious 
lithobtgic tliuracten. Thus one may consist of shale and the other of sand¬ 
stone 

Tlic stratigraphic unit that is subdivided into hthofacics may be of any 
kind. Ir may be a formally rceogriisLcd rock. tiniL'-rock, or biostratigraplijc 
unit. Also it may be a similar imit not recognized In ronveiitioiial siiati- 
graptuc cliissiBcatjoii known as au operefibmil unit. In additioit, it may be 
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some arbitisf)' vertical fntdJDn of an otherwise iodisisiltle stiatigiaptiic tmit 
that ii K-nned h slice. Most iiiteitoiiguwl lithof-acics are subdiviiioiu of iime:- 
rucl unite because rack unite gennaJJy ido nnt consist of sufficientH' contrast- 
iiag parts so oiniiiged that lithofacics of this Ttind can be distinguished. Biu- 
stiatigiaphic units laiely are sepaiatcd into iitbofacies of either kind. 

Biafacies and 'Iccf o/tEics 

Ftiofaciei and tectofacLes in stratigraphy arc idEntiu) in all respects to lith- 
ufacics c.vtcpl that iLes- are distingnished respectively on the basis of differ¬ 
ences in hinJogicoi tectonic feattires. Facies of these kinds mav be interest¬ 
ing thcorcticaliv but the}' liave vciS' littk practical value except possibly in a 
fcu'lnghly speciali/ctl conjicctioiis, As previously noted, tec to fades are litbo- 
fadc& that ate dependent upon interprets Lion. Tiicj’ are recognizable only as 
modi generalized stmtignphic hrtdks and tlic)' are not fCddily differentiated 
eitliCTstatistically orby inlcrtongucd relations. 

'Flic concept of hiofacics overlaps that of lithofaciis because many bio¬ 
logic fcahireii contribute iinpurtantlv to lithologic diameter. ITiercfore there 
is no iwiiit ill TOCOgnhiiig liinfjcics euccpl nn the [kcsis of features tliat tltj 
not find erpression in such a way. rcatures that cau he used to difiereiiliaie 
biofacics, ivliosc aspects arc different from and complcmentaiy to those of 
lithofacics. arc restricted to the taxonomic identity and envimiiuieiital im- 
plicQtiorLS of fossils. 

If biofacics are recognized on the basis of laxijoDJuio differences, they may 
be compared with coiivculional bhretiatigrapbic unite but ibtrc are iinpor^- 
lant diffctenccs. Biostratignipliic zones luve upper and lower boundaries de¬ 
termined by fossil mugs and btcraJ limits that arc less signjficaot. In «»n* 
hast, tilt upjscr and lower bownclaries of hitifacies toriesjiond wftb the 
boundaries of some specific stratj^aphic unit and thetr Literal hriiibt arc cm* 
phasked. In other words, biostrntigraphic unite arc cortetdeici]: principalH in 
vertical sequence, but the Significance of biobirics is in their lateral reJalioite, 

Biofacies gencranyare of little valyi; if they are cuusidcrrd from dit stand¬ 
point of detailed environmenbI implications, Almost cverv stratigmiiliK- 
unit, unless it b a vtn thin or restricted out, is libel} to consist of s'arions 
xaii« whose fossils differ. Tlit tiu>ti>gic cliaractcr of the stratigoiptiic unit as 
a whole is tbtsuio of (liecbamctmof its zones. Consequently it is a mixturE. 
Such a mixture is almost ctitam to present a confused picCiJFc of biologic re¬ 
lations whore interpretetroii ls difficult if not impossible. 

IJthofacics can be recognized and traced in lire subiurfact- cm llic liaris of 
drilling records. Geneially biofacies cjinnot, W'tlb funiis.li such tiny lamples 
of a stratigrapbic section that lliey cannut he relied on to reveal the biologic 
cbaiuetcrs of most strata adeqtmleJy. TliCrefore, the differentiation of bio- 
fadcs comurenly t» reirifctni to rojua of outciap. Vkiy rarely ts it possible to 
map bbfiiLlcs w'ilJi a nation able degree of accuracy throughout any eaten* 
$tvc region. . 
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Utho&OTne^ Bfosornt% tinrf TccfofioiTu? 

Lithasomc was proposed origiirally m ;i sbrueluml toaii Lo ideutify au jBter- 
^ojigiiiug stratiguphk body. Bratisc lithosoiucs are Lhaiactorized liLhalogi- 
caUVi thb word carries facies miplicatitins and it Iws hetu u.wd in the sense 
ot a litlioiogie fades for rocks itlmt record u. particuLir scdimeiiiary' environ- 
Tiient regardless of their fomh The campaTiion temi^ ^jrosomi.^ and lectosoms 
were introdireed stibsequently for rocks that- similarly lecord partjeuljir bio¬ 
logic and ttctonic envirCFniiieuts. It may be convenient in some eircum- 
to regard a Jttliofades* for example, as being composed of several diF 
ferent lithowma. TIjc same idea can be escpit^scd more ^recUyT Iiowevet, in 
terms of strata or members of different lithologic chamdtT, a Uschnital 
term for tbit concept is tial needed^ Because biofacics and ketofadcs are 
less practical than litliofacies^ there h even Itssi reasoii for the temis bimowe 
and tecIc^ijfJJTic exeqat poss^iblr for nse in stunt abstract or thcorctjiia) consid- 
craticinS- Simiiarityin form of the iivords fitboi'tjme and lith^Kimme, arKl their 
ccrmpaiiion tenns* is certain to csiisc confusion and tins is an additional rea¬ 
son to avoid their me vcbercvcr poss^ible. 

Lith^strom^ emd Biorfromc 

A lidiOstronte ii nothing more than a minen rock stratigraphic unit. The 
words ninttum, and ineniber are all available and adtxjnate to ex¬ 
press the samic idea, fiiostrame tvaa origmally defined as a particular kind of 
lithostromc. If it were to be redefined in a biologic icnse, it w'oidd be a hio- 
stratigrapluc Kone. Tliere js no real need fordther of these words. No similar 
teriii lias been suggested fora tectonic hyer. 

Litbofope, Bitniope^tmd Tertetofte 

AlLliougli these wonfc ln^ve heen used wilh various meaning.?, t1iej‘ are 
properly areas dniracterizcd by pattiouLu envirouuients. Lit/iotopc and bfo 
tt}pe arehuth useful terms fnr siutple coiicq^ts. Tecfofopc k iiitieli less prac¬ 
tical becaim: tectonic areas are gmeialized and extensive, V\icy are not wth 
jeet tn differcntktion auripambk fo tlut posvible in the cons [d elation or 
dcscTipticm of sediinenLiTy or biologic enviroruiierits. 11 le fttlotopo con¬ 
cept is Useful but tlm tenn is siipcrBiious because ar^ti is adequate. 

Lithertopes and biotopes are not sediments or rocks. 1 hereforc, ihty arc 
not mcu^nrablc in a Uilrd diujcnsion. "Hiey arc more or less eplienierj] ateilly 
and at any moment they are circumscribed by boimdanei that are snbfcc t to 
expansiure conliactkiin or other sliift in position. Tire recurd of a lithotope 
or biotope tliat peisists for some apprccfahle tioie b a bfjtly uf sediment or 
rock and it$ enclosed fossih that has btxti tenned a lithosrj]iii: or a fajmomc. 

Biofj^rtn 

Bfofjcmi should be used as a stnictural rather than as a facies term as origi- 
naTly intcndetL Iitsofar as it means only ofganic reef, no veij good leasoa 
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can be affercd fnr iH TCtcBtifm. Orgiaiiic reefi li^ve only a gencmlivjed facies 
si^Gcance because they arc Tint homogeneous bodies but ccm5ist uf stme- 
tureless core rock and steepi) dipping fmgmciital fianking strata. Possibly 
they also enclose nearly lionxontal intTareef deposits. These patts differ 
greatly in litiiohjgic charattos and biologic contents and represent quite dif- 
ferent enviroTiTTicntal conditions. Other bioherms, liowevct^ luce mare defi¬ 
nite facies significance. 

Other f'iJeies T 

Other facies tenns have been pitiposcd. None of dicrn is considered here 
because they have Ijccn little* u,vfth several have no accc]3ttd meanings^ oth¬ 
ers represent concqjts th^t s^re impmctTcah and all appear to be superfluoiis. 
General imdcrstanding of facies and their Tcktiotis i% not advanced bv the 
development of acompte ami higlily tcchmcal vacabuLjn. 

AppCdTtiFice, Com^wition, and EnviraTimeTit 

'file indiscriminate u.se of spetiali^ed fecics tefnis lot apfu^iTratice^ composi¬ 
tion, m m\Twnmmt Es inadvisable. A varicN of counuon words more accU' 
ratoly expressing intended meanings is available for reference to these attri' 
bates of facies. Particularly, litho{isde$ should not be used as a synonvtn for 
Utholo^ic character^ 

fod€s Analysis 

A single facies coji be iiiicTprcted in tcniis of envimiimcTit but the results 
arc mudi tiiore meaningful if several tdnted facies arc considered v^ith re- 
vpcct to the difftrrences ttiey^ rcitcil. Tlie Comparison of a sequential set of 
facies at one localih^ gira cv'idence of the changes jn cnvironiiient that oc- 
turred w ith p^issing time. In isobrion from other localiirics or arcai, lioueier. 
the Significance of these changes is not appuicot. On the <jtlier ha mb com- 
parisoii of a set of time equivalent facies Lliitjughout a region prtwidest the 
basis for the intcrpictatiou of static palerigeographic rclatimis Tin: resasgiii- 
tkin of drang^ in laicral fadrx rciaflnus throiiglunit fiiiici.i nwi^^ty Un the 
lecnn^rtmctimi of gmlogic histoty. This rci|niics the anisideratjoii of fat ics 
within a ilirtitHlnucjisicitial fraiiiewwk and the caiuf^iTisoii of successive sets 
of time-cqmvalent facies. 

Tfie lecogniHon of moic oe lesi weiUliffcre;nliatC(I facies i% not ncccasarv 
for an analysis of stratigraphic vanatjons and the iccoustraction nf genlogie 
history. Every alert field gcofogist makes sonic kind of iuterprctatimi even," 
time be iiinvs nn out crop and compaTCS it mentally with t>yiers. Althrmgh 
such comparisoiiA art qualitative, many excejlent and entical couclmirms 
Ira VC been drawn frcim them and much ciirarnt knon’ledgc concerning paieo- 
^■ography and gtoitjgic history^ fuss been based on them. 


\ aria:viqs and facjes 52^ 

One of tiio mo?t iiot™^orthy advances in practical stratigraphy in recent 
however, is eIjc developjnent of methods of facies ana])'sts. Facies de- 
fin cd in l-erms of rock^ with nioie or less definite iiiiiits. no matter what these 
are or liow are detcmjmetL provide sets of units rebted in varioiis nays 
that can b€ studied and compared. Facies ajialysts dq^ds for its accuni- 
plishnienh (rjMnt the quantity anil quailt) of asailabie basic informatioii. 
Ttie compamon of carefully clioscn ^tatisUca) facies inipiovcs quality^ Jtid 



Figi^rs 198. tiofith mop ati^wEng i4ib Ihicknoss erf HindilOflv Endtfded En Ih^ Cypres 
formntion iPAiis^\ kn 50 L^rii«i 3 £j ti in IITSnaii- Ttitj fomraHon h commoflEy dnviinot^ q wind- 
biiT rl ccTflfiini vorkitilv antOurrls of dialer which dPfrincite ttl# fOTTnolioti in S 01 W^ 
□ reot, S4'COu!Hi ih? thickness Clf Cypre^f H naf CPnFtanl, lh« i^iotLoni pt *anduon# tP 
Ibfl Bulho formaffon ms neyf indkated by O mop of lh1t khd. A fnop ihowinp Iho pot- 
COnTage of landstanc in the Cypres prabahliy woufd bo more lignltkont for ittftOrpFOlOlfvO 
piijnpOMi& Tsee Fi:Qwe TBD A and S, p. ^86?. (After frynr and Othtni, T957^ fiL Goal. 5iirv<^ 
8ulL aa p. 6^. Hg, 4) 
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fomuhtt 4 5URr and mor: iiciciimtc fanmlitUMi fnr hitorprctation than the 
comparison of qualitative facies. The degrees of stmilnrit}* and difference of 
such facies catt be determini'd quantitatively, and most subjective dements 
of comparison can Ik cljminaled. This process, to be .sticccssfnl, lequhes 
good planttiug and logical reason mg in relating whatever faeis can be detcr- 
-mined. 

Foeies 

Facies analysis is fadlitiited by the pieseiitaiion of lithologic and other 
data in the form of maps that show kteral changes and mate visual compari- 



Fig4trc 199. Mim ihMina ky nntoun ihe pumbaf ot 

icmditi>n« kmiiMeERud ihkknsii pir^vrif ki 

iha CremcDWi SyinMn btitmen fha bo» of the NFcbi'orn 
FonmihoTi OAd thnt btfK of fh* Ookofo Soitdiiiinfl in noith 
ciifYlTD) WyoBflflg. Tho rvidlt of UcHtifkzai itudin^ of ihm 
HthoFogk cottipoiMion of o iifoflQrophk itctioii of tfiU Icind 
eon b« ihown on nio^ whJdi indkoto ihfk eftmoF of ^rovfity 
of Mndilon^ wItHhn ifi« ladhorr ond th* dngreo of ihair 
dUpe^^ksA oi w«tl w oriier fvotkiJTt of vortkof vorkibrliry. 

(Aflor Kfymbaln and itblhv, ^957^ pyW* Am. AttOC^ PdroMt^jn 
Goof., vot 4 h Ph 7 Q 7 , 

son of Iirefll Tcbtioos posiiible. F^dcs can be mapped mi an oifirdy 
\in basi3» but the lesults iifc tint likety to be detailed or YCiy iccttmfce utdess 
fades dbfincj^fans art stmngly marked and lateral gradations me abmptv 
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Much more useful T^iiLfs gencraJly arc obtained if facies 31 c cousidcmd 
quantityti\'€!y. StaLLsEJeal facies based on one or sR'cml rektcd of 

tiie rocks can be difiermtiated luote acirumtd}' and in gneatcr detail. A <eiies 
of imps ishiiwiTig lUc of such in sucemive strati^plifc ^ones 

ptovides a compilutitm of bsisit data tltat ii' particularly suitable for tnleqire- 
tatiou and tlie reeon;^tmction of thunging pale<igcognipliy. 

Maps useful pi faeie^ studies are (1) eontnined niaps and f2) pieal |[mp^% 
Variation in any property of rocks that can be counted or measured is most 
dimply shmvTt by contoura. Tliese can be concerned with bidividua! proper¬ 
ties like the total Uiickncss of a stratignrphk interval or unit, the total Unci- 
ness (see F'igine (981, percentagjE tliickncss (see Figim; !80B, p. 4156), m 
number of lieds (see Figure 199) of one paitrciiliir kind of rock, or (be pisi- 
tion wit]Jill a titmtigraphie interval vdierc a paFticiikr kind uf mtk CDnceu- 
tmted. properties qiii be compared, such as the relativ*e pitTportfong: 

of tiv^o differcnl kinds of rock witliin the same intmaJ. Because origin and 
coairseness of sediments are particnkrly important m jntciqiretatioii, two of 
tlie most useful measures of the latter type arc the following, as shown in 
Figures 200 and 201 

„ ^ ^ injHcarho/i4rfe dflstfc to^ks 

iJBtntm TOLiQ = —=-— - -i -^^ 

c«rfiomrtcs + ftoji-ek^Oc mcib 


Sattd^hak ftftio 


.i^d^oTie -p cangfomerute 
fi/iidt: H- 


proportionate alahnos C3n be atprt^^fsed dther as ratios or jn percentages. 
Gciietally relations of one property to the whole are calculated as percent¬ 
ages whereas the relstiuns of tw'o cooipamblc pujpettkTi are present^ $3 ra¬ 
tios. Because a geometrical icties of tutbs is infitrilc, nttio contoiiiiug rt«nlts 
in finer diffcteutiaiioii of large and small v^iiies. Coutorir£ at equal percent¬ 
age inlcrvuU, Unwever, arc somewhat simpler For intermediate vaJucs^-see 
Table 17, 


Taal£ 17. t^quu'iilrdT PcnxuWgn aad Ran« 



Ralio 

Ratio 

Rrmriifwr^ 

«> 

0.00 

0.00 

0 

1 

o.ot 

0.13S 

IT 

10 

O.tl 

tLH 

30 

20 

o^s 

050 

35 

30 

0.41 

LOd 

SO 

40 

0.67 


67 

50 

J.D0 

4.00 

SO 

£0 

t.SO 

B.DCl 

8? 

70 

3.11 

16,CM> 

94 

80 

4,00 

33.00 

97 

90 

9.00 

64.00 

98 



mm 

99 

100 



100 
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ri 9 u<« 3 OQ. Detriiul mtia map ot all Penn«yK anion ihrala in pmn of sOUlh cDnlral 
Koniat ond adioceiit Olclahama. Tlw Fenniylvanleii ii overlapped l?y fho CftfoCBOul hr 
iHn wviilArii hall af fhki arva. In tfi« tKSftBm hall, gfrnlla dipi bcbng vX' 

C^lhraly lo^rar bed* lo fh« suThrca, and enilward ih^ PcnniyJvaniqrr lecllcn be« 4 nei 
prqgrviAiwIy mora incarnphm. ThJi iftop, tharsfore^ dcie* no1 ihow retafioni In 
rtiat Offc Hfictlv coTiTpa™blfl Iti wbnle axiHfili THp patt«m yorlatkJTi 

lhat Peniifylvonlaii ifioj d^pflnpd lOltWwhaf la Ih-e narlhyvi^it nml ibot iKa savrc^ 
detriia! sedimanT lay ro tfit lourh. A companraa iiapach map would be uieful In avaluct^ 
ing tb?« posublljlm. (Aftor l^nimbo'm, 1755, j. Geof., ¥oK 6^^ p. 441 ^ 3 f upper]. I 


Mprr coitiplo t^bt5QTi5 within a totigniphir timl onnot be shown hv 
contoius in 3 manner Uni is easily uiidcr^tortd Generally these relations sne 
presented by what are moie properly termed facies or Ijthofacies maps. The 
letter consist of patterned aieas that are keyed to a legeiid presented mtJSt 
commonly in an aAitr^rily sufidividod tnangular diapum [see P’igurta 19T, 
p, 512 and 206, p- Two ot Uitee related xaiiahlcs tan he handled cOn- 
raiicutly in tlm ^-4}- For example, ouc map may show varkitkins in hith 
the clajtHc and ^nd-fhale ratios. Also a single tiiap can sliow the itrktive prt^^ 
poitio™ nf IbiMstnne, sanilstoiic, and ahiile or any other this" kinds of lock 
that are considfit^d impiThm! It oni supplemented liy simitai comttii^- 
titntt de^-Dted to a single tind ui rock showTiig, for instancr, tht proportions 
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Fi^urv 20K S^nd'ihtil« fPT(& map of all Pvntii^rtvDniDn ilmfD in port of iai/th aetilrDl 

KdniA OAd odjdcen^ Tku h a conrponiDn to tliB map Uiown In Figure 200- 

n reYtfoFi mari irrcgybf r&bUflil* bgcoyse Penn^Klvanian iandttqnes are mpre ErraTtcalfy 
d«valap«d than rits <After linjmbem- 1555^ J, voJ, 63, p, .*6T» %. 1 

Llomfl,} 


of red md gray ^halc icrt tht telative abundances of quartz^f&e, arl^osir^ mid 
graywackc Bandstonc.^, and so foitli (see F'igme 202). It is possible, of couto^* 
to map more than dirte related properties iii □ similar W 2 }\ Foui kinds 
of rock can be related lu the volunictric sjubdivisiun of a tetrahedron [sec 
Figure 20^). \faps of these type^ become confusing, bowc^'cr^ because 
of the many pat ferns representing mcks ni propertit^s related in sn iitauy 

Maps of the kinds described show [atciul variatinm within j stratigraphic 
interval and finnish the basis fuf paleogcograpliie iiifeiprcbtigmai. Simibr 
oampa^lson^ am l?e made betw een twQ ^occoyh e lilmLigrapfiic ioten-aU hv 
show tJie tltfercnccs of detritai m sand-sha!c ratios of in liie rebijoiis of any 
otlier quantJlati%'e meiisurenients. Sutli maps indicate how pakogeographic 
couditiom dmnged. 

Single lacies maps may be cuisleading because they do uot lev'eal sigfiifi- 
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cant differences. For esnmple, a stratigrapliic interval in (Uffeient areas migbt 
consist of two homogeneous units, one sandstone and the otiicr shale, or of 
many alternating sandstone and shale ^mta in such pioportium that the 
sand-shale calios are the same (sec Figures and ZOS). Also importantdtf- 


SALT 



Ftghira 302. HiraB-cnnipafieriI Iriqrigj^* uxdi for ploHing tufkn tn 
EHid UtbqfaciBi Flapping. Jha iimiMeF central In oP6 ma^ cqniinonly «frtp[oy«l 

Figun 334, p. 413 ^ It ifhi taJoNfmi el diHritoi ood Kind^iiiate rOTk». odian 

provide diw mminn Fqf fwfuh«l lanelytit o# fJMi thn* gflnerclfy magnFred end riwfn- 
berk Trfaii9i» wNli othqr end Enembert mof b» more uteful In vrn^ tliuntiron 
for exqrnple. Figure 304^ p. £33, Aiio dlfT^rO-nt di^hiam el lho Irkinglq moy b« mad« 
f**« Figure 334^ p. 4111« (Modl^sd from jtrplJfrppIfir and ndimenfolFon^ p, 27d, Og, 
9-t3, by W. C iCrumbf^n pnd L L SIoh, Sou Futfi^KaiL Hp FreEmon ond Company, 
l^Sl, AUo by pafmlMjqn of fKo ourbonJ 

fcreficcs such aj those bct\^^cm clean sand^ton^ the genefal St. Peter type 
and dirt)’ one® like tliose in the upper Pciinsj^vanuin wouM not be nr^^ealed 
by an otduiar}' peiceubigc niap. On the otliei hand, dlffeirom Ijte ihmc be^ 
tween very aigilkeeoiis limesttmc and very cakarccui sliale might appear to 
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be much more important than thej' actuaJlj’ aie. Therefoit, aecuiate foctes 
analysis is 1ikd> to require considcutiou ami compaiison of the vaiiability 
seceial different properties or mcasumnnits. The usefulness of many facies 
maps can be incrtaicd by the suptapositiurt of a contour map showing varta- 



FigURB 203 . Fgut end' tnAilibwrs^ Ar H^rresHnie tsfid ddl^ 

0^ wifblorte, C, ihaba, end cvopcHTtn^ cun be heiitid 
witbln ihs Aallid body ef a telrahedrofi 0 ll!hot>gh 
luch o iyifsra « difVtctfFi is ifiiuorra. Eoef^ jmIp tbe leinihedron^ 
bowBT«r» li a liifnpit tbrea-eojnpQnenf dlc^raniR 

tion in some other property (sec Figtirc 206), One of tlic mmt coaimon aim- 
bmations is a lithoTogic facies map mtli added ist?pacb conhiim, 

So many possibilities exist (oc the presentation of lateral smiabifity hi tJie 
form of maps that they ate limited only by an jnvestigatoi's iiigenuity and 
itidiasrty- Fern maps are likely to be inade^ liawevcT^ because cl Ltie aniDunt 
of bbor itxiuitcd for Llieir prepamtion. llie complete aual)^ of any strati- 
^pbic section b practically Lnipossiblt and results certninly would ugI ade^ 
qnately repay all nl the ntew^ry time and effort. Cardul pbniijjig obviously 
ts Tcquiird la obtain the most satisfactury icsnits. jiidkioiis considcraJ-ioo of 
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tlie genenl sixatigiaphlc situjitiDn should 
suggest what featute? wiU provide the 
]jio!it Lisefiil and easily iihtained infonn^- 
lion. The fesitttres isclcctecl tor investiga¬ 
tion do UQ{ need to l>c the same far all 
parts of a Tegiim or Himuglioul die 
whole of a vti^ligfaphic section that Is 
U: be $h3dict:l 

Because iJic vertical dmieusioii iii 
iiniLigraphy cannot he calibotcd ven' 
iiccuratciy h\ terms of tiure, the fnnda- 
lueiital weakness of facis mapping iind 
analysis stems dfrettly from uncertain' 
ries □! tCirrelation Probably tcw forma- 
tmn contflcLs or other horiitons tliat are 
ntjh/cd as bouiidancs separating strati¬ 
graphic facics lire time planes, and as 
studies are esteiidctl thmuglinut larger 
und Inrgcf areas uiicertainties multiply 
and die likelihood of iiiaccmacyi in- 
creasei. Xi^ny fnrmatkms of the ctinfi- 
isenlal pLitfmms, htwever, probably are 
approKiiiratc timcTock itnits. No better 
standards ftrr brae crnitml in omcfully studied regions laii be set up at pres¬ 
ent. NeverthelesSp all fonnabons are aic^llv rcstifcied. and any comprchcn' 



Fi^ype ^04, Four straITgrophhC coT- 
ivuni coniiiTing of equol quantHies of 
end Although thssa 

CoEumna me *BTf MKitlitufBd^ 

they safl provide the id me land-Ehnle 
ngrio of 1. and no dLsfrriidiDfi would be 
made bstweEn dftiitt tt1 OfdErtory l^rlho- 
iarie^ anulysJ*, Hiefe are, howHver^ 
means dI IreoliPQ dFUtrancei oi fh^s 
kind Fwb Figure 199, p. 526). 



Figur« 205. Schnificri^ tttat wNtian with s^venoJ diffarent lyp^ at 
inlertongund ISlhologit unih. This MCtkin hdi been drown lo thpl lh« 
prapartioni ol timeilanA. lihaifi, find umdilane qro the tVAfy^ 

when fwgordlersx of lotetal vatnrdDniL Ordinary Ihthofcc^ anal/ib 
nnd mopping would gtrt no KInl oF fhaie ^fritFng 
(Aftiflr Mooro, 1V57. Aw. AbOc, Fetraleutn G«of., vol. p, 

1754 ^ fig. 7 J 
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sivt cutnpjri^tin fuck's is likely to cxttTitl l>eyoii£l the lateral limits of 
TC£:ofc;iii2ed formiition^ Tlii^ the prjiii^ at avIucIi LdiTdatioii becomi^ cra- 
ciaJ, Even if the most oct tiryle possible cmrcktimis arc established, however. 
Hie l^auiidaiies of kifeTath intergradimi^ or siipixif^edly equivaJent formations 
Tccoguketl MJ diflerent JTeas ciiinot be CT^pccted to correspond in time ex¬ 
act] j'. Consequently, pvtrk of foiQiEitJom< tmted tlifougbout an extended re- 



206, SioHttScal map of Hlfl WHlKtlon tKwin itiowing vaPkoHonE in 

fbft dflVfllopmenf of tftE £lk Pcht Group iDevJ, If Is bawd on fhe r^lafioni pi the detntal 
mtkj emd thm evojJOf ITB-C 9 .rbooiito rolio. Map* of thifc hipd Of* ortd difficutt 

to r«ad Ond intarpHst without moth pfOCtl« NcjT* (hot iho iriongukjp digram ond ill 
divllfOni rhot provide fh* has^:, for lirhofocles difT«rentlotlon are nol the iorie Oi those 
most commonly uted tiee Figure 2Q2, p. S30?. The Isopach confoun ahowlp^g ih* Thfct- 
n«il of Elk Polm tiroto turnidi imporiai^r oddFtianol ir>foMpolion btfl flfcfty oho lerve to 
fttako lha map fflors cornpJloatad. lAffcr Baltlie, 1965, fiwff. Am, Auoc, f'-efroieiim Geo/., 
tfo^. 3?. p, 591. fig. 9J 
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gioii proI»b1y do not constitnte a Ltuie^quivalent set of facies. Insofar as any 
deviation in time equivalence does occur, facies interpictatiojis aie bound 
to be inaccurate. 

Tbc precise tore equivalence of facies is not so Impctaot in sonic eco- 
ntimie applications as in paleo^cograpbic intcipretation For etample;, in oil- 
producing legions, it is the lateral vambdity in phjTikally continnons nxli 
stratigmpliic units lathei tlinu in time^roct tmits tJtat » liidy to be of inter- 




FiflUfv 2Q7 Oefritol Hitip mnpt of the Fanm^rvanian rocki in th« East^rti Inla/ior 
bniin at IlIJiHiii, U)4i<i«r«stvm Indiana, and wnoerti Knnivdty. A diaw) ruioi for otF Pom- 
lyiyanian roefcj, fl only lor rocki of Dei Main«ian og?, Include muth of th. Trodn- 

wntBT. oil of the CarbandolB. ond tilt lowar aarh of Iho McLfioniboro graupi. oncT C t 
D djagmFnmaiic norlh-»atK craii «tTlw diaMing of Pa, Mornaikm UtoIO Id the 

.nKm Pnnnsyliranion Sy.lsm <u lha b deT.!oped tmd p«=«™d ir, Itlinoi,. Jha flrit mop 
doBEM deni wrth o unifo™ (trnl!gTop4>k lecfion hociiut* alder ^ofO ate amriteppad 
nDillimnd and ermion hoi lamoved kinnqiJOl OTnownU oF younger itrotq In drlFflfotit dfkU 
Conuguantly ilgnificoncc of ihe paflem d,own In A u wr readily appanm ond any 
Intarprehitiart based on H I, ykely la be ernmeoMC Tbit obiKtiorr doe* opply m | 
didOOnotiy trending pattern with higbeit rolia la liv> nofthemt ond lowert to tfce 
loiithniieit luggaEti that detrilal mnterHi! WM tmnip«rlgd In the latter diracKan, U ond ft 
after WonloM. 1955, dull. Am, Anoc. Pe^raleuin Geol.. ™J, 39, p. jj, |j .) 
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tlic deviation of ^rtratigraphic 
baundarle^ from lime planes may not 
luaiter gieatly. Also^ as useful mfomia- 
tioti can. he obbuned Irom areally Je$s 
(!xt£nisiv 4 i studies, the problems of de¬ 
tailed cortelatiofi are less complex 

Uiicofiformihes provide some nf tlie 
most ideal foimation contacts hut they 
are not nearly as satisfactr^ry hoiii^d- 
aries for sets of laterally rekted fades, 

-9 

All hough imct>nfi>Tmities may be con¬ 
tinuous thmiighont wide areos^ the 
time spans of adjacent stratigraphic 
Tmits aie ahntist certain to vAry from 
place to place because deposition be¬ 
gan at d0erent times at differetit 
placesp or it ended MJOiier+ or erosion 
u-as more swere in some areai^ tiiaii in 
oLliers. Fade?? aliovc or below Jiome un^ 
conformities^ where overlapping or 
oveKteppiiig are parlicubtly impor’- 
taut,, may be so uneqtiiil that compari' 
are itiisleailiitg. Facies shidies of 
outcropping strata a^lso yield tiiireliable 
r<siilts Ijccanse they arc liased on cx- 
Lreniely varkbic ftadions of a com¬ 
plete stratigraphic tmiL An excellent 
example of such disctcpaucics k fm- 
nished b\ the Pennsylvanian System in 
Illinois^ whidt dintinidtes; north ward 
to a feather edge by both the thiimiiig 
and wedging out of lower strata above 
an unconiannity and the proves- 
sK-e erosion of upper beds (sec Figure 
207 ), 

Fmtbcr inequalities in facies are 
caused by variahle stratigrapliie rcLi- 
lions Within units chosen for analy^. 
TJjus the TCTTsoval of strata at local un- 
con form iHes cliangK proportions of 
TCmatning tocU even though the pro¬ 
portions ortginatly were identical (see 
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DETRlTAt ’ 
RATtO 

SAND-SHALE 

RATIO 

^ A 

5 

( 

B 

4 

1.7 
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2.5 

1.3 

D 
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03 


Figure IDS:, uncaafoitna^fs Hand- 
Uejne ihow^ ]n lh*H foUf ilraivgraph kcl 
cqkinfit dJrKlly OV^tl'r^i older tmd oldaf 
memb4ri ot a fower fwanizHori bKoytf 
efwgq hm col farogreuively dw|ab 
fntfr OlD^rencei in ihe delHfal und 
Mandniioi* TutUn fhpl retult ore nCif nsc^ 
AtsoTily tvteitod in anf Woy to Han fondl' 
Hoiii Af htdAry of dApcniaDO In itie arm 
oi th«iB col-umfF^. N ntfunl iitKqf 5 .eS« 
Uodiet rtiA reiulhi ol uaconfqrniqblt re- 
Iqfioni con bv fU’litakeni Far firipgrtctTlf 
^Q'leral vortoliqnL wJiihln cvnNntiotrdy 
«<)uJvolenr ttrcifigrtiphJc un^n. 
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Figuie 20^1, Such vartatioris do not iiiJjcate iinj dUdcrtuccs in depoiituinal 
cnv'iroiuBeDts. Changes iu the fate of deposition Irnm place to place also alter 
lithcilogic proportions and tlie results as iiiciicatcd hr the facies might tx: iris- 
lokenly^ inteipietcd os evidence of btcml cnvifomnental shifting Fignrt* 
2JW). 

The coTiipaf ison of facies differentiated in stratigraphic slices may lead to 
anomalous iuterpie tat ions because the arbitrarily spaced planes of separation 
may deviate iinportaiitly froiii thiie planes. Figure 210 j 1 lustrates a possible 



FigL/tii 2OT. ’Rib sTratig-raphic calijmni on ■itfisr lide A are idenllCntly 
canitFtotBd, Each pa\t, I anti S' or C ood C, piawidfit thm honiE detFf^a^ and 
^□rid-ihdro rciHoL. Lilhofad^i anaryiu ond tapping viHiVei nn dntinenort hc-IvvEErF 
relalioni ot Th6i« kimJi whnrE an the hand strnFQ ds n€ft yary ItlhDlogidaff^ 
front ploct ia pldc* bul mn depqdt^ pT unsquo^ rotbs qnd| on lhe ath^r 
lotarol varicitiqn in wntsTiTpciranEiHi-^ t’Pbun^ti h Impartont. 


situation \vhcrc strata pin clung out between tvstj uncoufomiitit:* are con¬ 
sidered as three slices (snth very diffcreni char.iclers and relations. Lateral 
vaiiatiom withm these slices, if all were mlerpreteil vimiliirly, sAinld yield 
crroricous conclusions, A soniwliat similar toefc as.sni‘ution results frriin lat¬ 
eral lithologic gradation ratlier than uriMmlnTmities. l-'aeies similarly dif- 
fercniiated here also would Iwd In improper tiuiicliuiuiu. 

Tlic ftircgoiiig rather obvious possible obstndo to accurate facies intcrpic- 
btion denioustrate tliat facies analysis ihoald be niost carefuRy planned and 
cmrdusioiis shonld he drawn with caution. In niaiiy actual sititnlions doubts 
inov not be scritnis but certainly no single turmula tor aualvsjs can he lelicd 
upon to produce unifdmiiy acceptable fcsiilts. 

One other aspect iif iacics analysis and inUrpretulion n: 4 iiires explanation 
wid understanditig. In geticraJ, the smaller the time value of H stratigniphic 
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miibp the 1cs$ ccrhtiji is ib tcirelatioiL Coiivenely, if alt due? csrc is exErds«ip 
tUc greater tlic rnognitiidc of a uiiit* the less important is iineertamty con- 
o-Tnin^ the corretution vi its lK>uiitlaiies even though more accurate correla¬ 
tion is not possible. If odensive facies studies are to be madcn the Itmitations 
of conelatiou impose t)ie pratiica! licccssity of working with stratigraphic 
units of cousiiderable thickness sncIi ai those occuitmg between widely 
spaced luiconfumiitles or other maior ^hatigraplik iioundariei. AUhoiigli the 
cOTTciati^uifif such units from place to plucc nejy be leasonably relkble, the 




FiguFE 310. Ih* lubdivlilon of o Icii'ge un^ irti& arbirrerry slim H 

provide i4jrfacfli dial ana nal limi^ pionci and vrieillc^r ilxaligrap^k: unils tlmil 
In^portoorly frm lim^-Fiidt unili. Jhm HihafadBs fnapping and Jntfirrprstaiia/i of i^luSr 
HivfOfarO, thould Ik ii^ndE^jloken coi^ian. In thoEn diagram*^ A ittowi a 

lilhologically diithctive ]yin9 iKiween uficanfoFmHKi and B %hawsi b shmiiar w«dge 

diat grades lartfrafiy InlO KTrOlO of O different kind. £acti h drvMEd info rfiree €qyal aiicBE, 
Only by nhnnc* dnss on* of ih* sfl« forfatet corr&ipofid wil^i o time pjon*, 

dJffertntialed vvithin bliciii will tertaiiiLy be iiuich generalized iind 
impJTtant dcbiils of both areal and ternpotal enviraiinienbil ^-ariations ate 
sure tf.j be tihscnred. As .ittempts me inrcde to bting these details into bet ter 
focus, generally h\ subdivision of the stralsgrapliic section, correlation be¬ 
en tnes nioa' import mil but it is rcla lively more difficult to achieve. Con&c^ 
qucfitlv the timclusion must he JravMi tliat detad and jccuracy are iiieotn' 
pLitible. stiindards in one rcspccl ate raised^ tlifdr dedme in tlic other is 
almost jnevitabk. 
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Knimbeiir W, C. £ 1956 ), Regional and bc^l components of fadei maps, BiiH- 
Am. Assoc. Petrofeum G^., val. -fO, pp. 2164-2194. 

An ciplaimtjon is given of methods of cliiniiiating effects of local vnmbiUty 
horn reginual fades maps. 

Krambcin, W, C., and Lil^by^ W. G, (1957)^ Application of moments to vcrli- 
caJ variability maps id stTBtigiaplht tinita, BuU. Am. Assoc. Pefrokum GcoJ., 
v<d.41.|ip 197-21T 

.Metlioi^ of shoiving by crnitoun the portion and concentration of a nai- 
tioilai iitid of fock within a Stratigraphic unit are do^oritmL 

Kmnibeiu, C., imd Slnsi, L L, fI95I )* Str^UgFupfty *md sedim^iitatian^ 
San Frmicisco, Fraentan. 

Sedimeutan facies and (acics map^ are discussed in Chaptm 9 and I? nq 
252-256 ajid40Ml 9. 

Longwdlj C. IL [chaimuin) (1949)* Scdimentars* faeics in geologic history, 
C^L Soc. Aiifcr., Mem. J9, 

This symposium consists of papers by R. C. Mootc, E, D; McKee, S. W- 
MdHer* E. M. Spieker, 11. E, and L, L Slow, W. C. Ktumbein^ and 

E, G. Dapples with folbn ing dificiissicms. 

McKee, Eh D. [1938], Environment and hiaton* of the Tomweap and Kaibab 
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fonnatioos tn nnrtiinu Arizona and southern Utah, Inst. Wash., 

Publ.492. . . 

The value of qivalitativc fades diffaEfltktim for stratigraphic intrtpiet!}- 

IS demonstrated. 

McKee. E. D., and others 0956). Paleofeetoiitc maps, /niassic SjTtcm. U.S, 
GeoJ. Sur\-, Misc, GeoL Insest, Map I-I75. 9 plates and text {folio J. 

Tlie 6 i 3 t of a projected scries, tliii has tlie most ociinpTete and detailed 
paleogcologic, faCica. isopJC^ palcotectoiric, and paleogcograpMc maps 
produced for any extensive regiem 

Moote, R. C. (19S7}, Modem nwthodi of paJcocCDlogy, Bull. Am. Aisoc. Pe- 
trofetmi Ceoi.,vol. 41, pp. 1775-181) L 

The author discusses facies and points out semic of the weaknesses of Irtho- 


fades mapping- 

Pike, W, S., Ji. (1947), Intcrlongumg aiflrinc and nonraarine Upper Cietnccotis 
ikpositi of Ncm- Mesico, Arfm-na md southwestern Coloiado, Ceol, Soc. 
Amer., Mem, 24, 

Lateral vaTiutitm and transition of the Mesa Verde Sindstone into the 
Mancos Shale are described, 

Pugh, W. E, Led 3 (1930 i. BiWiognl/ihy of organic reefs, htoherKis. and hio- 
stromes. Tiilra. Seismograph Setsit* Corp, 

A list of os-cr 1000 titles is indexed grjographically and sfantigniphicalty. 
Shiock. R. R. (1959), Wisconsin Sihiriiin biolnnnis (otgiiiiic reefs). Bu/L Ceol. 
Soc. Amer,, vol. 50, pp. 525-562. 

The compCBition, struct ore, and dcveltrpniait of a. va riety of exposed hi- 
Itiriaii reefs are described. 

Spieker, E, M. (1946)i Mcstiaoic and early Ccnoxoic history of cenbal 
UhiH. U ii. Gcol. Surv,. PvoL Paper lOS-D 

■file stratigraphic and stnichnra) reTationi of tilt Tndianob Croup and 
Ft ice River Fonmtioti {Mesa Vcrdc Sandstone! and the Manoos Shale arc 
dcscrihed. 

Stockdale. F. R- (1959), Lower Mississippian roeb of the east'Central interior. 
Crfol. Soc. Amer., Spec. Paper 22, 

In a comprehensive sriatigraphic study thi: bcics lektions within Fonna- 
tions receive pm ticular a ttenlioo, 

TcicherL Curt (1958), Concept of facies, fln/f. Am. Aaec. Peffdbiin Ceof, 
vnl. 42. pp. 2718—2744. 

■Hie atilhor reviews histoiy and European opinirms concerning varied fades 

concepts. , , 

WcJIcr, J. M. 11958), Stniligraphk fades differcritiation and mmiencfatom, 
Ball. Am As5 «. PctrcJnitn Gcof.. vol 42. pp. 609.659. 

Tliis b an estensive review of lilriature md evahuition of facies uomm- 

dature. 

Young. R C. fl955), Sedimetitsry fades and iiitcitongning in the Upper Cre- 
facews cl the Book Ciifis, LTfah-Colocado. BuW Ccol, Soc, Amcr., voL 66. 
pp. 177-202. 

latimillv tnmairionaT relations of the Bbekhnwk uud Price Rivet forma¬ 
tions (Mesa Verde Siiindstonc] and the Mancos ShaJc are described. 
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Correlation 


CowtcuHTON b tlie process of detcniilniiig nintnal cebtfons. In stratigiapb^' 
this Knn commonly is iiseii with a much icstiicted meaning and refers prm* 
ctpallj’ to the estabJislimerit of ec|uiv'ale)it rclaticiiis with respect to time. Cor¬ 
relation is one of Uie most obvioiM and ueccssais- functions of stratigraphy. 
It is the first step heyond the rdativdy simple obscnatiotnil and descriptive 
processes that coiistitritcthi: basic practical phases of stratigraphy. It staves to 
indicate which roeb in diffrarn! regiotu arc of the same age and arranges 
rxjcts of differcut ages in their proper seqtrencc, Withont corrclatian there 
could he no historieal gcolc^ becansc it is the only rrteaiB of lelatlng hap¬ 
penings that occirrned at different places and thus syiilhQLdng a single re* 
gional or world-wide snccession of geologic events. Many stratlgrapliers have 
cousidered correlation their ultimate ohjecfive. 

EVIDENCE AND METHODS OF CORRELATION 

Coirclationt should he based on every kind of pertrrieTil es idcnce tlut is 
available. Faleonlologic evidence commonly is emphathtred hut nctually inore 
different types of physical evidence are ntili/ed FossiU furnish the best 
mrarrs for effecting long-range ccmelatioiis, Vanous physkal features of the 
rocks. how'Bser, generally are more useful for shoft-rangc coiidaticirtt and 
they may be supenor to fossils in the detailed coircLition of strata witliin Jit- 
dividuaJ sedimentary basins. Both kinds of evidence liave their limitsitions 
and in ses'ctal respects the limitatjoas are siniiUr. 

^Vfl of the feature useful in the recognitton of formatiom (see p. 423) are 




CORRELATiOS 


>4* 

also useful in concktinti. Ilic most impcirtunt and motf commouly em¬ 
ployed types of cvidmct me listed tu Table 18. 

Tule tfl. TbE Mem tmfmmnt 
Kiiuii bf E-villimcs UEed (or 

CanTlatron 


A. PizvfrkiaJ evlriejiof 

1. Lllhdc^l^c: nmllairily 
2r CandiiJiiitY of almld 

3. Pftpilioti in sequence 

4 . OtdJTflv VHrixtiiai in iLthfiingj 
f r EJoctiic chardi!tm 

UiitFiflfiTrir!4bl<r relfltiosM 
7. Struictiirfll deh'cLofiinmt 
3. Mclmijurptuini 

Br P^SeontDiogte cvidrncre 
ia. llHieK 

11 Pl»ieorjt<iil£«5ic srquEiiicca 
1Z PaleciiitiatiB^c di^arity 
13l E-vulUikmiiry devifUiitEncnt 


Physical Evidence 

Hiysical ev^idence genera Ity is relied upon for \try ahort-mugc correlation. 
^\It!iuugli fossils fiflvc often been KiTTcd upon for ibis purpose, the tracing of 
certaiu types nf key beds sucli as bentonites uiuy furuJsh es-eu more secoie as- 
snnmcc of time (njuiralence. .-Vs the tlbtauce between localities increases, 
lu.iwcs'fr.therelijibjUty of pbi^ical concUitkiu rapidly dediiies uultas liiecoti- 
temporandW of strata can beiubstantiatedbyotlier means, 

Lrtbofogie Sirnilrlnfy 

Ditfcreiit rocks resemble each other more or less closely jo s^atniUj rcspiccts: 
compotitioit, texture, stmehrre, color, and so fordi. Similarity invites tom- 
yuiisoii atiil close similarity suggests comelation. partienTariy if the rocks un¬ 
der constdciatiun oectipy approximately conespunding positions in the stral- 
igrapbii: seetjou. Actuully, lithologictimilarity is a niiicfi more amiiatc index 
of simibr genesis than it is an indication of ecEntemporaneity', \^'ithiIll a ain* 
etc Ijujii of dcpfisJtioii simitarconditioos may have pri-vailcd simultaneously 
ibrtju^out large ami or Uicv nuiv have shifted gradually from one part to 
another, iii either case beiiig reennied by laterally contiuuoiis strata of sim¬ 
ilar characters aiitt appcamnec. Also simiW cotiditioni may liave ucctirred 
Simnltaneously in several i.solated areas or may Have recurred in. diScreui 
areas at different times, in either of these eases praducitig discontiuuotis 
bodies of sLmibr strata. 

Since the days of Werner many conclataons Have been made on the basis 
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of lithologic siinnjiitv alone. Some wtry long-range corrclaHons of this npe 
—for cuTTiplc bctwccti western Europe and eastern North *\rnctica— 
proved to be rtasonaViIy accurate with respect to Uie krger divisions of the 
shritigniphic settiiin. Sucli eaaujples, of course^ reflect the gciierallv similar 
geologic historiCN of tiaiisatlautic legicnis, autl eorrespoiitibig tiimibritics can¬ 
not be expected to occur iu all other parts of the world. Less c^ensho and 
mure detailed correlations have been variously successfid. Generally sub 
slantiation is soiigtit in paleonlologic CQinparjjyons but many fonnations arc 
deficient or entirely lacking in useful fossils. Commonly lithologk: correla- 
tiniisarc accepted tenUtively and they are Ukdy to be maintained wiLli van- 
Lng degrees uf asiauraiice untD shown to be jncomL'ct. In situatiom of tins 
kind the burden uf proof geiseially falls upou iho^t who contest the accuracy 
of generally accepted litliologiccorrelutkiiis. 

S lost straHgraphjt field work* miishtiiig as it docs of the identification and 
tracing of formations fiom outcrop to outcrop, involves sfiOTt-iaugc corrtla- 
tion. Lithologic similarity as chieflv leUcd upon, iiided and checked by in- 
tennittenr paleoniologic observations. In a iL-fmilar matiuer hu^ on a somc^ 
what extended scale, correlations are continued throughout Ihc strafa of a 
singE ba^iic 

There apjjcar tu be adequate reasons for ctmcliidu^g lhat somtf raLher thin 
distinetivc strata rccofd a happeuiug or a peendiar iximbrnation of conditioijs 
that affected v^cry' large ureas prattkally simtjltineonsly for brief intervals of 
time. Sueij strata include bentonites, bdie\ed tcj hav-e resulted from falls of 
volcanic ash. ^nd the coal beds and some limestones of the Pcrais^lvauhm 
Sx^tciiL that reflect pha^ of recurrent sedimentaiy cycles. ‘V^liere present, 
these strata miiy provide a Isasis For detailed contrTufiun of iimch greater cer- 
taiuty tliun fossils, 

Contumili' ofStnita 

The tracing uf strata iu most regions iii%tjlvs short^ruige bthobgic cor- 
reblion trom outcrop to outcrop or from well to well The tracing is not dif- 
ficuft in areas where stratigraphic units maintain general lithologic imifonn- 
ity. Difficulties arise where differently constituted facies intergiadc, arid 
oiher evidence must besought tootablisli lateral ccmtiimity. 

Lateral ccmtiniiit}- of strata, like lithologic iJJnilarity, invests coirelsitKjn. 
CeiieTally, liowcvcr, it b vtty difficult to detenuinc whether or not tire loct 
unit t*cing traced is rking or falltng gradnaflv in the stratigraphic sccticm. 
Idcnrifitatiuri of the umf is ba^ed cither upon litliologic simibrity, whose 
problems and unceitainliei were discussed in the preceding settiun, or upon 
stratigraphic pcttitiou relative to oue or mem: other wdl marked rock units, 
which IS considered m the next section, In the latter case, litbologie charac¬ 
ters ntnv change. 

Correlation by bteral con tin u it) is conn nun practice. It is paituruUrly im- 
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portent m siibBurfact slrahgrapliic studies. Paleontologic checking of snb^ 
surface correlations gcnenilJy is impossible except in comparatively uncon¬ 
solidated [uariue strata of Utc Mesozoic or younger age whose forainitiifeia 
can be rEcovered horn well ciittinES, TlicrcforCp the tracing of many sub¬ 
surface units must be canicd from one nutnopping area to anotliCT and the 
fossils in tliese areas must be collected and compared before the reKability of 
correblioiis can be assessed. In a region like that of the Gulf coast of the 
United States, where outcrirp control occurs only on the northern side, cor¬ 
relations w'onld he unsure were it not for the evidence furnished by fo- 
raniinifcia- 

StrufigrtJp/iic Fositfon 

After the cortelatmn of voittc ttnila seem^ to been established sali?- 
facttmly, fbesc siiula serve as units of control ftu otlier corrclatioiis. If mipor' 
tunt uncoTifoimitifcs do tiot itilmcne* strata immcdiatdy alMne nr bclow' 
these iiiiit^ gei^erally can be cortelated rcgardle^ of thdr Ioc:p 1 lithoh^t; dc- 
velopmenb whicli may vary from place to place. If two closely spaced units 
are saiisfactorily eonelatcd, these ser^e as a double check on interveniug 
strata. TIius* the condition of tw o levels of fc^'lifenjiis beds may establisii 
the correlation of an mteimEdbite unfossilifeTous sequence or of intervesiiug 
fossiliferoiis strata exhibiting more oi less extreme fades vurmliom 

CoTTehitiorts hecaine ptogresshTly niore imcettain as rnnes arc more 
widely separated from contro! units. Rates of sediment^ry^ depo^iitioii Iiavc 
varied grcutly both from jrlacc to place duirng the same inEen^l of time and 
From time tO time within the sarnie area. Nirmeroits misfaSccs in ct^ncldtioii 
have rcsiilfcd from assiimptions Uiat stratigtaphic intmaU remain approxi¬ 
mately constant. Many timc-rtici units tliiekcn ajs thq- pass toward tlie cen¬ 
tra! parts of sedimentary hmsiiLS, Perleips some allowance ferr such thickening 
can be made, or average rales of tliickcnitig caii be detetmined* but the mle$ 
art nor certainly predictuble and they may diauge abrupt)) in accordance 
with ol>scure past structural trends. 

Unconformities are likely to cut across older strata and to be succeeded by 
gradually transgresshig deposits. Consequently* un conform ibex are ctuuplh 
Gitbg factors tlial must be gii'cn special consideration if oorrdatiuns are 
based principally on ftkrivt stratigraphic p-ositiouH 

OrdeWy lifiifJogic VifTiafiOfj 

Ifndcr s^ime ciintmstanccs trends in lateral lithologic variolion may be es- 
tabli^hcdH The grain sii;e of sediments deposited commonly decreases off¬ 
shore in deeper water, or in areas farther from the land, pmducing zoues of 
different sxtiimcnts extending inugfily parallel to a coast (SCO Figure 211). 
Thus^ sandstone may grade tfiruugli silbtone and slialc to Uaicstone in a 
single time-roek unit. If condittuns changed tJiat ^u^idstoiie h overlain by 


544 


STR.\TJCRAPnrC PRIXCIPLES AM^ PR.ACTJCF: 


shale in fhne /Jdnt. the ^ine sequence may cesnsisi of shaie grurding upward 
into limcstoiic in aunther. Qnrcbtions ha^cd on changes in hthologtc cfiai- 
acter of tiiis hpe reciuin: IcnowkdgC of pakx^gwtjrapiiit: coiidtLjoiis and. of 
eoiiise, cannot he niadc hcyand the confines nf a single dc]jmitiuii4J biiiin. 



iyi>L£5 

D 100 


flOUftt an. ^ap Eyl rhe narrhwe^l^m part pf ^he GySf of ill Owing tfw ralDltcm^ 

d dlffe^snf Jcrndi of mfldBm botrnnf ifidinsenH to dEitcmc^ irow \hmt Ond dept^ pi woTar. 
Iho PPM of calcdrc^us opra in tK& wurheoif coin a f h Cantinupyi wJtH cakpreOAJi ledi- 
mwiTi that exfsnd lO ihs c«iir pi Rondo iwE figure 22, p. aSJ. The generpl westwofd 
drift of coffcnti cpFYwt dttfrltaH lodrm^ttt dpIiNrercd io thii Gujf by fbf MiiMuippf Miv«r m 
ihti dfredipn, Giwnmoo ond UBbnt, \9^6, Ball Am Asjpc. PerroJeMm GwuL vol 

40. p. Q2B, fig. 8.1 


E/rt fric ChiifcjctiTrjs 

Eloctnc well lo^ Ijav-e largely rcplaccti lithologic logs jji routine mbiiur- 
hcc coneblioiis. Tlic dcctric c;iijir.iclers tliat an; retonlwi til I hew logs are 
dcpcndetiL upon ccrtmi physical cliararteis «f the iDcts, sudi ji pnrositv. 
pcniieability, lltiid coiitent, and vo Forth. ninttiEcd b) icvcml cstt^neons fac- 
tofi, such as tcnipcratiire. lutuic of dnliing nmd. little diamctef, and others. 
Consequently, conebtinn by clccJiit logs .iclually is an ludirect method of 
tiadiig /ones ilut are litliolneically similaT tn some respects or of Erillimnng 
latQuIh contiuuoiis annes idcntiFrcd bv their positions re in five to coirtrol 
units OT hffnwjm I see rignre ’12 .1 Such coiicbtioii does not cstabUsli liiiie 
Gcjinvalcncc with certainty, and its Imiitaticms arc practicallv identical tn 
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those considered in foiej^iiig sections, Stnitigrapfiic icfcotiScation of clcc- 
h'jcallv distinctive zones reqniies eompaiisoii Itthulugic logs and out' 
ntips (sec Figuie Z40, p. 6P Except forsJiort distances^ Hie rdiabilEty of 
carrektions should he clicckcfi pdlcontolDigiciaily ejiheT by foraujinitem ob¬ 
tained frnm wcI! cuttings or h>^ fi^sils collected al outciops. 



Fk^un 212. Dpo^rom lilujlfollriQ corralotlofi by aleetrlc ^ogiv The Hardlniburg Sand- 
ftone h id^tffiftd ratsdiE^ Frdin iha stilf^^TiFniidl &r luft-harfd Curw 'sa« Rgura 

24D, p. ^17^ and rtiQ prrnckpal Irmestoni loyan lfi file Gakufida and Glerr D>ean famib- 
Hmi% QT* indiojtKl by blgh in the right-hand currE. Thq nccurr^fice oi a 

c^qtitibI cueing down inlo the Ookondu k plninFy ihswn by ihe two cnniral iogi inking 
of the uppBf Sirrloce of ih* hordiniburp aho'ts the dionnel thol th» thwTrtBr 

lond^tone on e-ither side contaitii n^orp cloyo> lediment ofld coniepueeriv suffered mure 
oompoefron under ths pressure of overbutd^n (i4e F^ure ITO, p. 2^aL Thli sedton fn 
HatnKFlon Couniy, ■Ittmck, u a iittb Ian than two tojJai iofig^ lAfter Potief and Olbtfi^ 
195B, Bu/h Am. Awe. Fefrofeum wj|. 42^ b- 1E137^ fig. 1£.i 


Umonfanilities 

'Jlie tecognitiuii and tracing of ccmtiiiuou'C uncoiiformjtics may aid In ear- 
rcliition liccjiise these contit*.I t cstablisli ccrtniii liniilis to the ages of ailfaccut 
i^ttata. If twti unconformities can be identified, they sene to bracket the ages 
of iTitcnpcniiig fied^. Erosion beneath Tin conformities and the possible trans¬ 
gressive onbp by strata above them, honTver* make esact eorreklion iincei- 
fain. 

Conclution by uncoitforniity is not ccinmon. 11 is iminly of interest in 
coTuicetiiin with iinfossilifetous rocks and particulariy the Precamlman. Prol^ 
ably the nujjit mliabte gtnietal correlatifiTis of this kind rebte raveilvitig 
angukr tinL-oufotuiitiev nhsei ved 4l iliffrmit pktees tbnt are hdieved to le- 
cord a single epL^ide of itiuctural disturbance. Because such movements 
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went miiTe fii less [ocatized^ lioivevci, ami bcoiise moie (iun otic episode of 
disturbance ifi3y bate occurred, ccnektioas uf this type ate not nrliahlc out¬ 
side: of onnpiTatrvcly restricted areal. 

5tritt'<uru/ Dnclofjm^i 

CoTTclaticms based rm the degree of stnicturat clistorbance are rather lim- 
liar to those jnat considered bocatise tliey also are related to diistrophit epi¬ 
sodes that gareraljy iCfultcd in the productiou of angular unconformitiei. 
If, for cxauiple, t«o strat^phic sections not too widely separated contain 
strongly djeftnmed, moderately ddonned, and nndeformed strata, cuircht' 
tin US are susgated. If the diastropltic epbi>des are believed to cnticspond, 
general cortelntions mav be justified. Tire intensity of stiuctoral distiiib- 
ances, boweser, is litdy to dettease rapidly away fmni dtastrophic centers, 
and loug rriige conelaticnil of this type ate unreliable. 

Mrfnmijrp/ittTn 

Metauiarphmij Las resulted trcim diastraphism njore intense tlran that rc- 
sponsihle for iLmple rtructnral disturbance and also from igiicons actn-itv. 
Tlie decree of metamrnphism, like the iulcrrsity of stmctuial disturbarjce, 
has varied coiisidenibly from place to ptacx in roeli of cqnivalcnt age. There¬ 
fore, different degrees of mefamurphisiii arc not reliable bases for correlation 
outside of corrrparativcly' lestrieted areas. Also some types of rock are more 
subject to mctamnTpliic alteration than others. Thus;, shale may Iiave been 
transfomrcfl to wtiisL wliieh preserves none of the original cliaractcrs of the 
parent rock, wTieieas associatct] qunTtzife clearly teveaU its originally sandy 
tmlure. Tlicnfurc, if differcticci in metaniorplii.sni are to bu considered, com¬ 
parisons slionid be tnade lielwceir mcks which wenr CRriginally of simiiar 
lyp«. 

In the pst, many condatioiis of roclw in different Precanibrian areas have 
been based cm tJie reblive degrees of metamoTphism ethibited. In widely 
sqwnitctl parts of the norM high-rank ntetamoTphics, con.iisring principally 
of iichists and gneisses, have been correlated ond referred to the Areheozoic 
Ere whereas lower-Tsnk mctamoqrhics tiavc been considered to represent 
the Proteromic, ANo cj^Hcntially uimictanrnipliosed sedinrent; overlying 
rocks of ProtmrzDic type but lyirrgbcneall* the lowest hassilifetniis Cambrian 
strata euirstittrte a thin! jJmaihk division of Precaiidmun rocks. Long-range 
coirehtiunv whose only foundatimi is ditference of this land arc nn longer^ 
taken very seriously. 

Rudiouctfvfty 

As csptamcd in Chapter 1, lire decay of ladioacfivc dements fumisiicv 
means for dctETTniiiing iJre ages of eertain rocks in terms of jtaifj. Before 
I'HO piactkally all lucli detenmuatinni were lia.scd rm uranium measure- 
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menb. Spectacatir ajvaxicis iii isctopic cbcmisby made since (liat time, bow- 
ever, and. peifoction iiF Hie tuns ipectnimcFeT Itavc opetiicd tlic For age 
(letetiiiinatiuiis based wn a vatjetv of othtT mdioactira substances. Cliief 
amang these at ihcpresfint timcjiTf cathon Hand putawiuui -U). 

Tlie iiTaiiium-beariiig Tnrncmls investigated iir the (iist are tnntaincd tn or 
arc rduted fo certain igneous inlnisions. The results uliich tliej' Im'c ftir- 
nislicd serve to date roeVs and deposits of this liintl. The coordiiuitimi of 
these ages with the rdaii^e ifrati^nhic time scale, however, generally has 
not bc^ ven saEsfacton-. Ilins, Qiamuui datiiig has pmvidcd certain ap- 
pmximate bench murks useful tn talflitatiiig die stmtipBpbit Imic scale but 
it lias been of only limited service in the actual dating or corrdatiDU nf shati- 
Sed rocks. 

Unlike uranimn, carbon and potassium are abundnnt m mpuy scdiincn- 
tan- Tochs and furnish mcaiu of direct age ilrteniunationB. CuTbnn H, witli 
a iialfdile period ot about 5?rj0 years, is ideally adapted to the dating of very 
recent deposits mch as those of the late rit-istocctie. Its backward, limit of 
usefulness is almut ftO,tJO(i VEan. Potassiirm 40, ivitli a hall'life of ulroiit 1.1 
hilliDii years, is >idstptci1 to nmcli older uge duicrmuiJtifMis cstcndmg tar 
back into Frecambrian time. 

All radioactive age dcterrniliatMtis ate jubjed to uncertainties and emirs 
tli;i,t probably are not much less than lU percent of the indicated ages. rVho, 
tlqxintling upon the raditKirtivC substance mvcstigatul, q certain inteemedi- 
atc range of ages b likely to be most accurate, with age determinations 
outside this rangt liecottiing pidgrcssivcly less certain. CcFTTclattona based on 
carbon 14, in spite of any cipccbble error*, arc much more accurate than 
those provided liy puletminlogk tkicrmiiuitians Iwcitiiw: the deeac of radio¬ 
active carbon b very ropiii m cninpaied to rates of evolution. Uranium and 
potassium dales arc subject to tompamhle but inuili greater miccttaitity. 
Going backward in geologic time, expectable errots in ladioacth’t age dc>- 
[erminatioas somCwliL'ic prolsably become etpiiil to or cxcctxl time intervals 
that aa- marked by obscrviblc evolutionary advancement. 

Just wllcre ndimetive detemination* become less accurate than cem- 
cliisions based nn palittmtrjlugy dEpends iiixui the kinds of fmsih available 
for study, These points pniftaiily lie stmicvvheie late in flic Paleomic Era. 
Back to these points some mdicnctive ennElatinns may be more accurate 
than paleontoli^ie correlathins, but in earlier time the silitition probably is 
reversed and palcontologic coneblions are to lie prefcrtird. In either case, 
Imwniei. conditions of these tsni kinds should be checked agmtist each 
other wherex'er possible. 

Because of the difi&tulties and expense involved, radiaactivc age dcletmi- 
nations are not likely to lit much uHti ftii local cumdatiom. whiLh will 
continae to be based on convcutiunal stirrtigiajihic and pakoutologic ob- 
stwdtions. They are, hijweicr, sure to bccumr increasingly important for 
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long-range conclatiom and thej' may be ei^pected Lo contribute gr^Uv to 
tablbhing a v-wld wide chrunologj' more perfect tlian any now knoivn- 


Paleontglogic Evidence 

PalcfTTitaUjgi' has heen used mcntasingl)’ for &tratigiaphj> ccsirdadon since 
William SniitU disco>eied that [iiartkulor strata can be identified bv tlieir 
fossils. Betote the theory of evoUrrion was accepteth each species was bC' 
Ueved to have been specially creJied and, after a definite period of time, to 
have become c^ctinct. At b%t it belie^^ed ilial cutaclysmic c\'mtv several 
timi:s csttnniniitccl all life and that the world was then repopuljted In a nt'w 
creation. Later it was obsmect tlmt the strarigrjphic rang&s uf 4 S 5 ocbted spe¬ 
cies ate not the same. Tlie conclusion ^as reached that both creation and 
extinction wrre egntinunus pmecsses Licit tescdltd in gradual cliange and re¬ 
placement of die earth's orgame mlmhitants^ 

With tfEC acceptance of Darwin's theory, the problem of species bccamr 
more rompticated^ Tl iis theory prmndes lhat every species grad nail v ev o l ved 
from some antes tot spccis^ and each iiiny have slowU es^oHed fuitbcf into 
oncorm^iredcfrcendaiit sp«3;:ie3- Tins eoncepl holds thitl lift h hirever ebang^ 
iiig and that specks do nut have disrinkJ and nbitipi "n^ciefore^ tlic 

diffcienm dial ate obsersTd in sepamle mi^st fossill species stem from lack of 
knciwledge and failure la discover the intermediate forms t!iat iiiiisi; tuivc 
CTcisted. 

Index Fossils 

An index or guide fossil h 3 species, a genus, or ficrhapv some other 
taxofiomic grunp lliat is cspecialL noticed bec^mw ii is Issljeved tn f>c useful 
in identifying strata of a ccrlaui sigc. Index were recognised befoie 

Darwin's time ynd eorrehtiun In' such fossils still is coniinon practice. Ill is is 
I he simplest ri penf paieoiitologk cunrebrion. It is die means eiiiplo\T:d for 
the disfingurihiligand tracing of bionttatigniphic ^oncs. Tlic simple pririci]>]E 
iiiukTHwig tins type of correlation fs tbut the presence of a specimen of the 
index fossil identifies strata withm the range of hliis fcrtsil. i wo pints 
should he noted: First, identification of die fassils must he neemak* and euii- 
sistent SccoiiiL only The presence of the fossih is sigiiificmil; their absenet 
does lint provxi ibat die stata uiiJcr consideration occupy h psition outside 
of the range of die index fosii]. 

Because of evolutionary coiitiiiuily^ the species of plctmrnfogj*, £is well twf 
evay othcT taxcHiomic group, is uo mate tlinn a ci:mcept. For conveujcnce. 
con til mom cwlntionary^ secnicnccs art divided into icgmciit^ tiiat are con- 
sidcred tn he species. Many segrrjcnts appear to be distinct because intermc 
dwte aii<i connecting forms jire not yet known, but new discmcties grad- 
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UiiTly fill ill the gaps of file paleonfolugic record and diitinction? hehvecii the 
species fade. Opimoos as to tlie proper limits of particnlar species have dif¬ 
fered from Imie to iinie LiJid tiie\ probubly always will CDiitiiiiie to diffei bo 
sfliiie extent. In fnrrncr \ specific limits Vi'ere much tiiore elastic than fliej 
are At'COrdingly* there are many examples of old species that are nmv 

considered to be eenera each of which has been subdiv^ided into ses-etal 
111 me narrowly defined species. Also the present leitdeiicy for splitlitig in 
descriptive paleontology has resulted in the imming of mimerous so-called 
spccjes whose distinetiom are uncertain if not unsound. Consequently^ the 
applicaHoij of a ^iugk name to different specimens does riot prove theit sini- 
ibrttj' even jf the posibilitv' of niisidentifii.'atioii accorditig to eutrenl ^Ftatid- 
ards \^ ruled out. In the same wny, the us^' of difierent name^ docs not 
guarantee that sj>ccimens actually are specifically dislirict. Tlse whole prob 
itrm of species and their differ™tiatron in paleontology is exceedingly com- 
plex- ft has not received the cousideration that is required to e.^tahlish n 
ttmndand stable system of nomencktiue. Siiuiki pioblems also are po^od h\ 
gen CO and all oUier liighcr taxonomic groups. 

An ideal iiiilet fossil should he (1 ] easily rctrogjjiied and easily distin- 
gniahed front all otherSr ( 2 ) restricted to 4 ^-tratigrupbEc zone, 1 ^) ex¬ 

tensively distributed geograpliically^ H) adaptable to a wide range of en- 
\irfmineists so that spccjiijieii?; tKCur iii rn^ruy different tipcs of rock* and 
I 5 > represented tn- abundant spectnieiis. Oniotfimafdy. fossils that meet all 
of these Tcquirenicnts arc very few. Particularliv those that ivcrc unusual!) 
adaptable arc likely to have boen so successful that they pcr^istcxl \nih iieg- 
Itgibk change for long inUaXTils of liuiE- 

Theic art' many fossils which* vo far as they are biuwn^ octmr onl) iti tiar- 
TOW ^ttatigraphic zones. Tliey foninifiujy are ton&idtTcd to be gtxjd index 
fossils which mark thrir 7 nn^ w^bertvet tlicy arc found. Some of the /fmcii 
arc narrow, howcTcr* that theine 15 good reason to doubt the assumption 
that tlicy icpresciil the entire Jiimtigraphic ranges of fhc mdex fossik. Such 0 
lone ts teniied a tcilzojie^ whidi gcncmlly i$ cqiin^lcut to ouli a ftactiou fd 
the corrcs[Xjnding iijozojic? ■' sec p. HfW). Tlic extreme hmiti of a biuj-onc are 
rarely ktiowii because there is no ectinmty that snolhcr collettkin EPCrmcwheiii 
w ill nut teveil the index fossil in stiuta older or younger than any in which it 
ha$ been natKl previoiuly. 

No oiganism can five except nnder certain more 01 less favorable eiivirou- 
mental conditions. 'Ibe geographic range oi ever)’ index fossil (s limited to 
those places where proper conditions for its existaicc occinrcd aud wliic]) 
could be reached by migrating individuals. Likewise tJic vertical 01 s+iafi- 
graphic miige hi any ares was simihirlj environmentally contiolled. [f cimdi- 
tions changed and became unsuitable at any place, the Itxal population died 
and tvas rrol replerrirhed. On the other lioiid, if caiiditions elsewhere altered 
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and beeamcT favoraliic; wUerc iireviomly \hcy tvsrrt not-, Ihr gco^phic lauge 
wxjiild be extended provided the new aoc^ihle to migrstnig itidi- 

\idiuh. 

Thus tfae ^eo^raphic and stmligraphic ranges oi an rndc^ species or any 
isrtici fossil were deLermined by (1) the time range of its csistctice, winch 
WHS liTtiited by ev^lutiotiaiy cliajige or by csttJirtion, (2) environTnent, ind 
n) die cKX'UTittice of iiugrathiii mutes or impasiablc hankrs. The first anil 
last nf these iimiting factors have tong been realized and mtieh divenssed but 
tin; impOTtaiHe of cnVTmmneTitp m ecoiogic trintinb has Trecn badlv neg¬ 
lected in palcontrilogy. Many paleontologists have been satisfied to distin¬ 
guish onfy between marine and non-inurinc conditions. Each of iliesc great 
eiivironmenta] realms^ howevTr^ is vuhject to almost jnfiiiite subdivision on 
the basis of numerous ^■armb^cs n bidi are of the greatrtt importance to or- 
ganisiM jud liaveniore or less ^IricHy limited the pussihiliti^ nf thdr csist- 
Cficc- Pifihably many famiiil and floral disccintiinrities, geiieifllly explained 

fesoJtiiig from physical harriers to migration or the passage o( tinie^ arc 
act mil y reflecdfins of envijrnnnicnhtl different es. 

Coiitiol of the distnbulrioii of orgaiiistiis in space and time exercised bv en- 
vnotmuait makes all fossils indices oi environmental ennditioris. TTie C 3 act 
factors w I lid I pctitiitted or inhibited tlic ohtenec of partkubr organisms 
may not be undeisibod but this condusion is none the less importijnt. Fosiils 
are like llie lithologtc diamclcis of luzh. Both serve to identify arr^ai which 
weresiimkf Ln colnin important respects. Tiiux, paleuntologic and lithologic 
cnrreLilicins are much the same cxcepf that evolution and extinction place 
limits tip(in paleontnlugic cotneUticiq thijt do not exist m hthologic coretla- 
tkm. An index fossil provides im more precise correbtimi withui the limits 
of its hiozone, however. does Idhologic correktiim, 

P^lcnn/ofugfc Scqjtemxji 

Many contliitious have been imnJc mi Hie hiii^ of fb^il zqji&c that dn not 
represent the entire stratigraphic range nf any so-called index fossil. Wjthm 
testndetl areas of imifrirm enviioiLment $nch coTTelations may be accurate- 
riic possibility should iiol be tiiverlooketh howev^er^ tiipt a biologic ciivirori' 
merit like a sedimentary' one may have shifted gradually vvitli lime m iliat a 
contrnnotis ^^onc [raced for a considcnihle distance mav be lime tranugrcs- 
Rve, In seiKratcd areas there can be no aisimmcc llrat local zones idcnlificd 
by the same species are eitiicr coalinnnus or time erjurealent. A soctcssimi 
of similar zones perfeetK repealed ul differmt plitci^ may seem to provide 
better wdence of md cotrdatimi hut siidi a seipicfice ^lIso wiav hav'C 
shifted geographically with passing time. 

Nhtny different LuitU of fosjriiyhiivc been nsed for (xnrelatiDn without iid^^ 
qiuite knowledge of their Full stratigraphic ratigcx. Amciig the modi com^ 
tnckuly emphn cd are fonnnrmfcni which idcnlrfr subsuitice ^mei In oilrpriv 
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ducing rcgii7ni( such ai the Gulf coiiit of ilic Sni^ll fossils rf 

tills aod other tvpes a* maoy pbees pro\iiIc means of conebbon where all 
other methods fail- Moit nf i\ih kind are wlioUy empirical. 

More ot less giaduully cJranging 


PRESENT 


cnviranmental conditions simultnne- 
OHsly affecting large areas. ht7i,veir'er. 
have resulted inhiologic eharigcs ihat 
be useful and reliable in rc^ 
stiicted cOTTclatian. Changes of this 
kind during the Pleistocene Period 
that reflect flpctuatioTis in Eeinpera 
tutc or biirniitfity haiT been nur^st 
studied. For example^ di€erences in 
Uie pollen rccoverKl fiOTn i>ostgfaciijl 
bogs identify sevemT zones diat have 
been recognized in widely $eparaEed 
areas. 

Tempera lure changes in the sea 
were nut great as on the land. 

Nevertheless shallov^'-water marine 
fossils in successive zones of the up¬ 
lifted Eocene dcpcKits near die 
California co^st record I he tiorth- 
wj!d and southward iiilgiationK of 
diifeitriitly adapted faunae lliat re¬ 
sponded to cyclic fliichiatioiis of wa¬ 
ter teiupemturie. Accordingly these 
faunas can be correlated with gbckl 
and interglacial ages. More imiior- 
Lant lias been the ^scoverv rliaf iso 
topic latifij of oKVgm in the caltiuni 
carbonate shells of pelagic fnraroinif- 
era reflect Pleistocene tempemtore 
v^ariatiou-s in the surface wattrr of rhe 
scuii Tlic^ cjtlic difiercnCfTs arc used 
to correlate zones in tlie sediments 
TccDvcred hi deep uccarnc cores (see 
Pigrtte 21?). 

Lithologic coneb Lions in some coal 
fields lire very difEciilt and imcerfarii 
because the rbatu ar* so mPtwaLo- 

nausly omsHhited ffuiL niOJiy sinnlar beds at different strabgraplik positions 
cannot be distinguished. *11ie spores stnd pollen preserved in tosij^ howwert 
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FIgurfl 213. Curva Ibnirwrci- 

IVJ'B flycluDlidns In ihe neor-^^urftiCE " — ^ 
qI tropicoll vm durTfiQ tha Pleiitocaira re- 
ridd Bl dsfernlned by fl^ygerx iwtBpe m- 
llsn En pkinkfanJc ForamlnllarQl iLhaflf 
towered from dBep-sea cctai. [G«nefalic«d 
ahir EniilKionl, 1958, 5cr. Am.> vol. 190, 
2. p. 61 J 
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show some stritiug difletcuces from zone ta zone and they lutvfi been used 
foi conebtiuii. It ts ctcu possHilc that a ehuiaeteiristic succession of different 
spore zones ivlthiu a single coal bed niHs uid ui th idcntificatinii throughout 
considerable areas. 

In none of the examples mentioned are the fossils certamjy true index spe¬ 
cies that are valid everyvi'licrc. This tj-pe of coircbtion generally involves tlie 
matching of strata tqiresentjng intervals of lime chaiaeterized bj more nr 
less widcspre'a<l stages of climatic fluctuations. Die fossils 'serve to ideutiL 
enviriinmaital differences not revealed by an> noters'orthv features of the 
sediments. A unique jmeecssiun of eiivirmuncnts may lie rtaignizahle, as in 
some coals, but one cycle in a regular series, as in the Pleistocene deposits, 
may not be distinguishable fTriiii any oilier except hy^ its relativ e stratigraphic 
position within flic larger sequence. 

PdeonUil</ffC Srmifdrrf) 

In the ahsaioc of recognized index ftissib, many conelations have been 
made or suggested by comparing entire humas or floras. Such comparisons 
c-ommunly luve becu ii-scd tr* dctcnDUic the relative age nf a fossiliferous 
zone or formation in mnic niitlyiiig aiea with nsipect to a scries of siiccessive 
faunas rir finra-S leconlcrd from u standard or other wdl-known stratigraphic 
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Figure 214. Bot diagnim showing rho praponiisiis of 
from otlrBr form □Ttorra fhoit w^r«i 
inm th* bsinj mmnben SpTfPQViUs Sknie 

In UftPofl Cw'iiy# "Th™- prppDrll^ni wer* 

Ui«d I& dtlcnmln* tko prababiE egfri find corTstei^otfi ql 
locaS mfiitibon. Th* Uppar Davonlofi spEcie-i w4re dit- 
t4gatdtd lender ttlr aviumptran thqf th^y Kad been rq'fvorked 
fTfitn oFdar ilffiio. ihp iLmeaJDiTe the 

ChQ.uf»y UlttAlon*, tha kwor diola wirtl ihn Hannibal Shale 
<.fee Bgure p. ond tbe ppp«t ihfile wifh ihv Fem 

Glen Fetmolififi th*iH nr* known hi wntern Ifllnchii find 
MJuourL Thli It nn vjcfiimplR cd ^^freJatlfiTi by ih* 

meihod. (AFtaf CoIlkiQn and Stott, 1953, \\l Ged. 
5yri^ Cine. 3'5d, p. hq, 6 t 
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section (see Figure 2 H}, TTiis mttKod, which may be termed the pervantd^- 
y/>cscius method, is upon the niTiiiba of species common to the new 

fauna or flona And each uf several st.indLird faunas nr floras, 'llie greatest nuin- 
hei of similut species of the greatest percentage smiilnTiK has gQiemUy been 
accepted as indication of closest simiLmty in age. 

fleciin-sc the number of j?pecies present tn each fauna or flora js almDst cer¬ 
tain to be differetit. comparison requires that siindanties be expressed as per- 
centages- Tlicsc can tie calculated in different ways to give diQercnt ri^nlts 
and Suggest different concttisions. T'oi exansplc, the percentages of iiimdar 
specie^ in i 1) tlio new fauna or finra, i 2 \ the standard famia or Qax^ or 
the tntal enmbim^d famias or Huras izan be determined as i:hnwn in 
Table 19. Theitsnlt:s ate diffeient but probabU tlie bsl is mml sigiisficant. 


Table C^tizuiEljl^iiv Id PeirTfnilir Fliun^t \k F 1 i>riil iSirdLbjiEy l;iy the 
PmLeucEj^n^poELkfff Melhod of Cof rriatiftn 
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Some pdeon to legists has'e preferred this ■method to correlation by index 
fossils Tinie lebtions^ thq^ have reasoned* arc shown more accuiatdy if 
judgrritnit k hased on entire faunas Or Boras lustoad of only a (cw selected 
species. Caitfql consideration nF diFFerenS: hpoi of species^ however, %lia\vf 
dial their time siguificaiiec variei grcitlr. For example, the presence of 
liiijg-rangiTig species in two binia^p nr floras is not good c\^idence nf limilaritv 
in age whereas their nbsetice Irom ime may be much better cvidcitec that the 
ages ate diffcnent* as h inditaled by Table 20. 

Tins considcTulioii siiggsts that xpescics uAXh be groiTped m three classes 
w inch arc different 111 their significance with respect toeoTTclatmn: 

1. Shnrt-niiged* stratigrapliicaJIv T<^'tTictcd species whose presence iudi' 
calcs appro3£iniate coiitemponmcits but whoscali^ciice is uut tieccssarily sig- 
fiiGcjuit. Tliese are the conventional index fo$siU, 

2. Tl\e ubiquitoui species wliich are likely to occur in many faunas or 
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Rmm and v^iiidi iniike op the bulk oF moil collections. These enmmonh m* 
excellent inilicatois of indu^iYc itmtigiaphic zonia but the^ arc of little 
value fur nrhtieil correbtioiis, I'betr absence fiom collections is mote likely 
to be signihciiiit thao their prsence. 

3 . The relatively uncommon species whose distiibutions are closely re- 


TAhu 20. DjfRivnt SiKnincaoix of Vadaid T^pea cpf Fosih 



Pmcnc® In Both .-Mvc^bCic fixm Omr 

Faimiri ar FEarBs FflUfyi tx Flflra 

tndicaEn Similicr Aifr lodkatci DlfTmuic Ags 

Sir^tigriLphic fun^r 


Mote Bignitiamt 

Short -ran 5 apccicR 

Mote slj^fEact 

Gcoffraphk tliilrihuliLMi 

OuttDOpnliimi fpeda 

Mote sLi^Llirajit 

Local f^Kcia 

Nq pfTfercncE 

AlmndllCiSc or fpr^raifni, 

Ccmnnon aipccict 

Mote iignjficOTl 

Karr vpotiia, 

No prdrrPiKE 

EoviroiUllcrtt^L Bdaptabdhy 

Ad-Eptalilg tfxdci 

^tdiC BJgTiifirimt 

RdtHrted spccln 

Ntt prcfcrEisEE 


stricted cimronnicntalTy* Die>' are likely to constitiite tlie majority of spedes 
in Iar|[e and tliomnglilv stneiic.r] faimas or Rons. Tltcir presence or absence 
is not partitularlv importaut as £ar as detatk'd currelatton is cDncnticd. 

.\ds-’jntag£^ es’ideiitly are lo l»t gained to coirebitkMi by constdcntig 
wliole fatuias or floras rjlhci than only index fossils. All jpecies, hrmes'cr, ate 
not csiually significant. Consequetilly, species pciccntagcs cio not provide the 
hcsl auTOCT to tilt etirrelalioii piDblem, If all fossils cfliiM be assigned with 
certaintj to one of the foregoing groups, nioie reliable eotrelations might be 
possible, Unfortunately, classification of species in tliis way is oat a simple 
matter because the cjtialities of all species arc relative and they range contin¬ 
uously Irttween wide cxtrcnics. Also thk clasafication Is tint exclusive. AI- 
tlinngh it seems rtuitc cksu that certain species are mote unporfant in cotre- 
latinn than utliets, relative iitiporlancc ii untertnin and good judgment is mi 
essential (actnr tliat must be rdied uirnn, 

Kegardicsi nf all otiicr ccnisidcnitioiK^ fmmai or Boml companions arc 
meaningful only if llin arc made between similar biologic and lithologic 
facies developments .^s facies becmiie more diverse, diSerences in faunas 
or flnias are less significiut broinsc greater nuni 1 >ers of species probably were 
adapted to miiTually exclushe enviroaments. ‘nias, widiiu moderate strati- 
graphic limits, differences in faunas or floras are likely to be related more to 
difFertiuics in facies than to diffetences in age. Many examples ocxirr in pie- 
ontology. Some of the hot me provided by tlie then, lithol agu-aT ^ diverse 
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inttnbm which siicc«<J each oths and recur repcakdl)^ tn Pcunsyhiiuian 
cydothcms. Adiaccut lutnibcrfl of this kind commiOnly liavc faunm or j7i:itjtfi 
^Tiith almost no species m cominon whcieas practtcally identic^] assemblages 
of fossils are piesent in the oorresponctiiig members of other cyclothems oc¬ 
curring sevet^ Imndred feet highc-t or lower in the stratigmphjc section, 
flotlj the or Soias and the lithoJugic chanictets of inembets arc 

so similar that matiy mheondatian^ have betn made 

EvoJut!oii£/r>' DevdO;frmfrnf 

The morphoTogic differences which distinguish mote or less cJosdy re¬ 
lated or^nisms from each ot Iter are of several different hpe?! as folkiws: 

1. Differences which servo to distinguisfi successive cvolutioiian' stages in 
3 lineage of organiims. Tlicsc- difference devdop gnidually and arc charac- 
terivtif of entity populations- Tlicy ate lespnnsihlc for the vertical discon tin- 
iiitio nr differences between spedineiis in stratigraphic zones whidi contain 
successive sepamte segments of evolving hneagev. Such discmitimiitira me 
iiut real but they appear to exist because of Lucomplelen^ of the known fos¬ 
sil record. Intermediate and connecting fonns must have occTiired but thq 
Irave not v'el been observed. As new discoveries fill these gaps, verticid dis- 
cnntinndies become less distinct and eventually lliey' mav disappear. 

2. Inhcritabk differences wUidi dbtingnish contemporaueous populations 

inluibitiiig different areas fir enviTunmcnlfi+ Tliesc are tesponsilik for the 
hf>rfzGntaI dbconiinuitics or differences hclw'cen fo^tilv of srniilar age oc- 
emring at different places. They were prtKluccd by lire cv'oluiioiiian diver¬ 
gence of different Ttocb descended frorn the same aiiceslml If 

only organisms belonging to a single contemporaneous stratigraphic zone or 
geologic tiruc plane, such bh the present, are considered, these discoiithmities 
mav or riray not be real Coiuiecting forms must have occurred, titlicr tliq 
have uo! Iwen found in hiicnuediiitc areas or tbey^ w^rc ancestral ami are 
prcscut only hi older or nndcilying stratigraphic jfionet* 

Noninhciitable differences distinguuhing coatcmporancoiis popula¬ 
tions that arose in response to diSevent environinetilal inBuetim. Such dif¬ 
ferences genemUy are gradataonal^ and sharp discontmuifies are not likely to 
occur. Among differences of this kind are very difEcult to distinguish 

from the la$t type. 

4. Differences twtwcen individtials or smell more or less arbiiniry groups 
wEtlmi rontemporaneoiis populations, Tlresc diffeieiiccs may he iidieri tabic 
but generally dies- are imt vet off b> diseontiiiuities that separatf the iudivtd- 
uiiU or gnmps from the general popiilaHnUx flicj art impnrtaiif niiiinly bt’ 
cause they dcman^tTEitc tlie range of varidbiJity clinractcristii: of evtry or¬ 
ganic [lapulatiun, 

5. Differences between different gruwlh or devdopmentaJ stages of in- 
dhidiials. 
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6. Dfffcant'cs TCsdtmgiTOTii scxiipl diino^pliism, 

7. Differences occurring in species chantctcnzcd bv alteniatjois of genera- 
Linns or othtTSiTniLr tjpes of polyiuDiplti^ini. 

Most fpccies <jf both fossil 4iid rccoit organisTiis jire dislmg^iislicd md 
idfLniificd on the basis of niotphologic chaTPCtcn. Five of tlie se^cn h pcs of 
diSEienc^ ntikti above arc not significanf in the differsiifiatinn of spetit'i. 
(Inly the inhtTitablc HifFcnr^nco ( I and 2) tlut Lave rcstiltcd from crtnoln- 
ttoiuin change and chanictcTi?:e whole popnLitions provide proper basis for 
specific or other tasionounc differentiation. H these canTiot lx; distinguished 
from the otbeis. the validity of named anti denerihed specie^ is uiieei- 
tain. 

MoAi Eovsil species huve bccit distingnidietJ ou (he liasis of diflcrences 
T^hove sigiiLficanci::!^ arc not TmdcnftMxl. Cousequcully the Tolatiou^ of tliir?e 
specie* to each other an: not knuwTi- As the iminbcT of pres turned species dis- 
ttngnislied h\ nKire and miirc subtle differenLcs steadily Lncieases, the p(;v 
sihic evolutionan rebtiemships may become mtreasmglv obscutc, Tlic nam¬ 
ing of tliese spccit^Sn whatever fhen actual value or significance, gnes trjjcin all 
the appearance of disticictivc mdivEdnalits- and seems to pbtc than all on an 
C41U1I footing. .\il uuknowTi iiiimher, Iuj^stvct^ are no more limn s^triants of 
me H'pe or another, iindcscrvmg of tavnniiiiiic tC(XignitlQii. I hghly special- 
tiEcd biimdedgeand rurt skill ate bctonjing iiKrtiisingly necessnTy for Hit spe¬ 
cific ideiitificiitiun nf fossiU. \rishikcs arc iimte and mtitt easilv made aird 
arc likely to fC^nlt in CTKnieoiis positrve m negative correlations h\' the index 
fesil uicthod. 

Short scgniiaits of evnhitiuiorv lines have been traced counecLiiig seme 
Hpccies of ummonites and a few other fossils. Cencrrallv, Ijowever, ipecies 
XuvG been little cm ployed ni Jt tempts ii\ cvotLitiirnaTi' reconstiiiclECiiL Af- 
tlioiLgh ipecici are supposed to be ihc basic niiik u\ tasnnonUT fnrjitiv lliev 
MIC so nncertaiTi in Mteir leJntinns to each other ihat thev have been paired 
rn'CT and phylogeiiies gencrahv arc based on the pie^imied relations of gen¬ 
era, 

ScquMictv fff^iicra csliibiting pmgrcssive anliitioiiarv advancicmmt are 
believed to hove bcoi rKognn£td in vTinnns groups of fossils. Ilicse arc ven 
nsefnt for tong-rangc rmielatioini. If the general evidutionari patlem hi. for 
example. ;i famdy has been correctly determined, il may lie to aillal-c 

iliffcrcn* genera occurring in diffeicriit faiinjl or floral proanc« and corre¬ 
late the vtrata con tail liug Orrai ou the biLsb of the of tlicir ir volution^ 

aiy .idvasiLCiiieiii Because of the coinpiirativcU long ■^tratigrapliti r^nigc^ nf 
most gtiiCM, how 5?vci, aucli coircf.itinns are lacking hi detail and they arc not 
sirffieienl for the pl.n.Tmeiit of mineu straNgnipliic units. 

Careful <tiid> wnd ecimpamon prcti'sely ^tined and clmclv related fos¬ 
sils in partinjlarly favnrnbic areas may permit the working Out of tr\ citulion- 
-iw ^etpnmttN in much more detail within tndhiclnal Eariiial or flotaJ prov- 
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Such stndv should i^Iuch mOTplinli^|[ic fcsitutc^ grridiuiT]y aud 

progresssveSy changed and hovv fheic flkange.s progicssed ^vitli the ps^ge of 
himc- Tliii-s, a successjon of sequent and trajisitionii! sisccies populations 
might be rccognu^cd, I or purposes of carrclation Elicu namenclnture w^uld 
be imimporbmt. Specimens from strata of imcertaiii age at other places 
could be cortipiired witli the sequence and their pontions svith rcspecl to it 
determined* In thb way correlations eould be made tiiat would by-pasj tiie 
uncerbinticiv introduced by confusing fosail names. 

Few Studies of diis type have been stternpted but thev offer gr^f promise 
for the future. Possibly the most fuTOrahle fo$sJ[$ fur them arc some of the 
coniiDun ones that at present ;irc of little stratigraphic v-aluc. Correbtioiis 
made upon tliis basis axe likcfv Lo be more accurate Ilun ihose based upon 
tunventiotioJ indexsporics, 

LIMITATIONS OF PAiEONTOLOGIC COfiREUTlON 

The importance of pdleoutoIogTi: corteLitiori ^eldtini ha.% been qnestioiiccT 
Since VV'illiQm Smifb demonstrated tjat rocts can he identihed by their fos¬ 
sils. Paleontology has IxxTi employed more and more v^idcly for this purpose 
and coirelaLioiiii lia^c been bo Hi CKteruled and refined as Lnun'icdge of fossils 
lias increased, h [any geoloigbtii und some paJef>ntu]ogisti $uem to believe Hist 
the prnccss can coiifiEiue ubnost Jndefinilcly, with tJic gradual attaiamenf nf 
i^ver moTt ddailed and ptilect correlatioiis. The hash For this btditf iiccd^ to 
be examined critically. 

Tbc dating oF resek^ by tlieir coritamed fossils is dependmil: upon the fact 
iliatlife upon [he earth is not static but Forever changing, borne lineages ol 
organ isms have been iiUccessfLil in their compLiioon wjtli oilier?:. They 
adapted themsches to neu euvironmentai opportnnitieSp extended their 
geographic rmigcs. and differentiated morpliologicallv jii 4 vurich of ivays, 
prr>duciiig iicw^ ilocks bmiu-bing off fram old rniiA. Otliei lineages failed fn 
their ^tnigglt: foi evivtencc. llieir geogiaphic miigcs eoiitmetcd and finally 
they became extinct. Tlic?iic two pmccraesp dosciy rcLitetl to each otficr, 
liavc l>ecn in constant operaHoii since (ife first appeared upon the earth. 
Tlic TCiiidN are seen in the successioti of different faunas and floras preserved 
as fossils, 

Fvolutbn and extinction have proceeded at %atL3hIc mte^ in different 
grniip^ cjf orgadisjiu anti at diffoent tiniCa. One of tlie pTineipl rcspcmiibili- 
ties of pakontolpgy is to dderminc the rates and nDconstmci the detruh of 
cvTiIuticmarS' patterns. An cnornmus anmunt of work 1ms IvtTii done mtb 
these endi in view and fnneh exceedingly valuable in forma tirm has at cumu¬ 
lated. 1 lowcv^cr,, it is still fragmentary^ much of it is Milqtxf to different tntcT- 
prcrjtKirus^ and a great deal more work remains tn be tione before ihe success 
sioii of life Oil earth is satisfactorily tinderstood. 
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Presenf Pf3^co7^to/pg^^^ R'nonfetfgie 

Obviouslv the acetmey of cotidations based on paleuntDlDgy caiinot es- 
ceed tbe accuracy of {lalctmtologic Imuulcdgc and inlcipiebibotiJ. Mosf 
palecntologlits italizethe pTtsCnf inadcifimetes of paleonfolo^c kitowledge. 
Other gcolf^rsti, liowtsrcr, arc Sikdy to be umwaie of its deficiencies. Tliey 
may not realize that there arc 'well-tnown geologic formations in the most 
populous and casJy accessible parts of the United States svbicb have been 
observed and mapped for more t!ian 100 years hnt vihose fossils have never 
hcen caiefully eollected or studied, lu some other large parts of Hic coimhy, 
there is no fomiation whose fossils arc known except in a general and su¬ 
perficial way. Elsewhere in the world ouLstde of western Europe and the 
United Slates, enormnus areas arc almost ct>inj)1ctc blanks so far as paleon- 
tolngic iiiFoimstion h concerned. 

Although great gaps remain to be filled in, many of the main features of 
the bistoty of life on earth are now well known. Tlie outtincs of most epi¬ 
sodes are blunerk but future studies may confidtmtly be ctpected to sfiatpcn 
some of them considerably. Nevertheless, tnimerous lotmations are essen¬ 
tially rnifowiliferoiLS. great volumes of rock arc buried far below tlii: surface 
or lie beiteaih the sea wlicre presumably they arc permanently inaccessible, 
and otbiCT great volumes have been destroy ed by ennian. Also many epuchs 
of the part.of swriahlediimtion, were nnwhert tepresented thmugliont more 
or less extensive aicis of the present land by sedimentary* deposits and they 
are recorded only as unconformities, 1'hesc deficiencies newer can he made 
good- 

Finally, the great mafority'^ of organisms of today are so coiutitnttd or live 
In such situatirnis that the chance of theii being presened to become fossils 
nf the futme is exceedingly remote. Five percent of modem species certainly 
is an optimistic estimate for tlinsic which might be fossilized and found at 
some time a millioii or mure years, hoira if paleontologists should survive so 
limg. Perhaps less than 1 pwtent nuty be a moie realistic estimate. There is 
little or no reason to suspect tlut a much larger prepoflion <if ancient spe¬ 
cies will ever be diseovered. 

fhrtca of Evofutron 

Palnmtolngic correlation is possible because evolution and extinction 
Ijave altered the frrmis of organisms and the assrieiatlnm in wliicb they occur. 
Althcnigh cliange Ims been trmstant. it has procetded slowly by st^es bt»o 
minute to lie chstiuguishiihle in fossils present in adjacent beds. Qrmidcr- 
ahlc lengths of time were required fen chartges to precced far enough to pro¬ 
duce recognizably diffenent organisms. Such lengtlu of time, whicli differed 
grcallv in tlillerent gniirps of oTganisms and in a single group at various 
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times, provide definiti! IcrwErr limits tu the acomq* of paleontologic coirda- 
iimn. 

it iiuiy l>e possible withii a singk palcontologic provinDc to trace an tvoK*- 
ing liiic^ and remgnize a scqiicnec of cvohitiGnaiy stages that might be 
cDiisidetcd difFetciit species. No considCRihlc stratigraphic section^ hown^er, 
cv'tr hem zoned in. sucli a w-ay. Generally, adjacent zones are identified 
bv paleontologists on the tusis of fossik that are not so clo^idy related- 
Tlie Jmiissic Syitem of England and ncarhv parts nf cotitinenLal Europe 
has been more tlcnely zoned than any other systait tn any other icghm of 
the world. Abotit fiftj zono are tctxigriRjcd there in strata representing 
about is million years. This js equivakiit ta ahnat O.S tnilliofti years per 
zone. Most of these arc teilzoncSj hcjwwcr, and many of thcni are siginfi- 
cant only locally [see Figorcs 215 and Z16L Actually tliere are only eleven 
stratigraptiic divisions of the firrassic, tecogjiized by grades of ammo elite evo¬ 
lution and gvnunaHy cOnsideted to be stages^ that are useful for correlations 
witli other R‘gimis. Thca* luve an average time span ot about IJi miIIion 
ycio. 

Graptoh'tCf evolved lelatively mpidly and are considered to rank aniung 
the best and mcfft idabk fossils for paleontologic zoiiabon and cortelalioti. 
In Sweden t\vaity-tw.^o graptolite j'Oncs huve been ilistingimhcd m lltc Sfl 
million years ot the Ordovicran Penod. TTiis averages nbout L6 niitbon 
years per zone. In Great Britain theic arc Sftcen corttfspondjng graptnbtc 
zoiiesave raging 0 bout S3 TniHitm ymn apiece^ 

Tlic Cambrian System of N<Jith America ba^ been snbdivtJcrl into thirty 
zones \med mo^fch upeur trilobite. In this sparniiug atwiut KO mit 

lion ycarsj each zone represents about 2,7 inilliim years. Alo^l of Elic$r^ Iifiw- 
cven are cuTnpanihlc to the Jurassic ammonite zoiis of Europe and a con¬ 
siderably smancr number of stratigraphic divi^iom cm be leoignizcd in 
widely separated regions. 

Tliesearc tTamplcs of the most detailed paicontologic zoiiutiotis shat have 
\}C€u attempted. At provent, therefore; tin: evolution of invertebrate fosslk 
does not seem to provide the means for cnntktion a ssinglt pakou- 

tologic province with an accuiaq' of much Icsv titan about ^ miTliun years, 
Future studies irmy make $titnevvlrat closer zonatfon and somwhaf infire ac¬ 
curate correlation possible* Inhere is little basis for the cypectaHoiv howevci^ 
that broad paleontologic correlation can ever pnmtic much more accurate 
results for the greater p^in: of geologic time. 

Correlations of strata in Afferent palcontotngic prfs^raiecs and in dktant 
parts of the world arc even less certain, Escept for ismuc cosiuopcdiLiiii spe^ 
cks of ammonites, giaptolites, and pcLigir foraminifera. long range cntrela- 
tioru generally dq^end upoti the comparison and cvoluttouary grudes of 
gicnera lather than spedcs. Relations ait closest between Noifb America and 
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F.m<jpc in tine dhecHuii sud Asia in the tithcr. In far oam- 

ple hi the Lower £knd Middle Cambriiiu, these intercotitinentel cprrelatioTis 
pte mare ^alisfucttin than correlations behicen casterri and western North 
America. On the otiier band, many corrtlatioiis between tlie Northern and 
Soutliem hemispheres are paitkrukrlr TiiisatisfacttiT^ 
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¥rtll nn«d In Jonuiit palaorridogy. I Data from Spalh, 
1931, C*€i!. Moit.. itol da. p- 1B4.) 


Miisf genera, of eouRc. fiuvc iiiucJi tunger sttafigraphic ranges than do 
speeics. Evidenl cvoliitiou was mucb more rapid among inammah lliaii in 
iiiDit other groups. For Lsinipk, dgjit genera of Uovsts which followed each 
other in about 4 > mtllion yean persisted on the average about i!.6 milhou 
ycati, and camiiDics asTciagtd about 6,5 mihian years per genus, tii contrast, 
one lineage rrf 'Friassic and carhei ammonites aventged about 20 million 
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years per genus and pclecjpod genera endured an of about 7 S mil¬ 

lion years each. Some genera were much shorter lived tliau others, however, 
aird consequently these averages, particularly for invertebrates, do not pro¬ 
vide a fair standard for estimating the limits of long-range paleontologie cor- 
rebtion. Also somewhat gtealer precision is possible if note E taken of the 

localities 



216. Drognim ilHuitratlng haw zunai tdflirilifitd by spfCiet mcif occur m 
■itI ordifa al difTfr/enT Pre.tiJTnabFY the sp«>«f: migmfed wElh ihrlHfig 

mHiThil condltbftE. At any- foulily lh& range erf each ikpecw b itrkfly The OCtlJial 

total range lane aF i|nidrtft C h thawn. Kn underryJng end overlying itnaln r^Eahtd foi^Ti 
ore ref Erred lo differEnt ipfrci^ lhat ore TegmEnli of a sjnglE evolving hneDgO. All of 
Hi* ilrcto rapreiEiiiied hBre moy bv coruidejed on ^sambhige rone tdantificd by fhft 
QxMioltDn of ihete hve jpecki. Non* of th* *pec4« eJ^crpt Ct however, is fostrktfrd to Hili 
cusamblog* tone, lAfleJ- ArtnlL 1933, iJr# Jurotiic ^yirejn in Great Britain, p. 33, fig. 
by pemvEBsksn oF Hi* Clorendon Press.] 

overlapping mnges of cJiffttrn! b-ml\ groups, Tlios considcratiori of wliak 
buim ci floTus i% tilcU to provide more sati^feelOTy resiilis in long-range 
correlation tbun ocUi^ive LiiiicmliiitLan no some particular gicsup i»i 

Cortc/u^ion? 

Kvolution !ias been ^ slow process and ib pmgiesit is imperfectly recorded 
by rfjefovsils. According to \’anoos cstonafes. evolution is not likely to fur¬ 
nish reliable evidence ioi coTrclttion within a single paleontologic province 
tliat, on tlic average, is accurate to ti^ucli It^ than orie-tcnlU of 3 geologic 
perbtl. As most fomiatiorift in rtiastitialily urU-known regions cmistitufc kfS, 
and commanly much less, tlian oaHentlj of a geologic ^stenk^ pal(?ontti1og>^ 
alone ib an tnsecure inde^ to the time lelationships of most forma Eta ns and 
their limits fium pbcc to place. 

For example^ fl.ippose that some system^ perhaps ihc Mississippiant winch 
accounts for abonl ?0 million years of gieologic time, is reprcsentol in the 
cential United States by 3000 feel of strata. Suppose fuittrer that ^edlmca- 
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imy dcpOiSitioTi occurred during i;n]j onc^liJilE oF the peiiod^ tli£ othfr luJf 
Heing TCpiescnled bj' uiictJinfTCirmitira bclcrw^ find above tlie ^iysleui. 

Thus the xocks of this region were deposited at an average rate of one foot 
per 3lX)0 years; in One-tenth of the period 600 feet of strata might 1i,ive 
cuniiilatcd. 'fliis Lhk:tness prabably would be divided locally on a lithcilugic 
basis iiitcj several fnrmaritjns, Eacli of these, liowev^, vvonld nqjTcsent such 
j iiliort lime $paii that it would not be distingitulicd fnmi its neighbors by 
any recc^nmble evohitionaiy alteratjon of the fossilv. 

This docs tint mean tlial fossils are useless for more precise condation^H. 
It docs indicate ihnt whatevTr faunal ot floial differences distmgiii:sh adja¬ 
cent formations are likely to be nonev olutjonarv\ Great cauticiu ^iaf^uld be 
cxciciscd ill evaluating these differences^ no matter how obvious they arc or 
IiDw importaiil they appear to be, because Uicy prcikibly slum* > 1 ) the tjpeta' 
tkin of difeeiit local environmeiilai coiiboh^ \ 2 \ the kical bnt not nceej' 
sarily gaieial eslhictiQii nf some species, nr (^) the ititrediictioii of same 
new sjrecics as migrants from another ATI ol the$e species may be ex* 

pected to occur in other £ones at crllicr places. Thus for many detailed cor- 
rektions fns:«ib fnnush ev idence tliat is not essentially different from phvsical 
features <}f the scdi incuts recording differences in sedimcntarv^ euviroiniieiils, 
source areas, rmd paths of transportation. Po^ibly some physical featmes of 
the rocks tnay be more conspicuous or niore useful Ilian fossils in suggesting 
simikriries in Ihese respects and pftdmble ccjirivnlence in M previously 
nnted, sudi evidence ls reliahle only luUiiit individiial kivins tif dqiositiori. 
Its reliiihility rapitih- drcrca^es us distanm belwtcn localities increase. 

UccaiLie csf inure or less effective isolation^ the organic relations between 
difleccDt faunal or floml provinces are likely tu he more remote than those 
coruiecting different parts of a single province. Consequenih- compaiisons 
and corrdations must be tn^icle On the basis of more general c:\T;ilutionary 
changes and Hie rcstilis are levs precise. Just wliat allnwanw should be 
tirade f?n account of these less ilirect relatiunships is tmccrtaiti. Perhapi a fjjc- 
tor of two m three Iv a reasoiialilc estimate in most casici Hm might \k re¬ 
duced convidcfnldy if stidi cmmnpolitan zonal fossih a^ Jinmnnitcs or gnip- 
tolites occtn, hnJ In sunie other instances a factor of fine might not be too 
great. On the whole, iulerprovincml coTrebtiVms based an paleontotogj- arc 
prolrabLy not acarrate to rmich less tlian (me-quarter of a geologic period. 
Here lithologic comparisons and nonevcilutioirary faunal or floral cluuactcr^ 
provide no prospcctli fur achieving greater pteci.sion. Perhaps the most satis¬ 
factory roirdfltions of tlic furiire will result from recent advanm in radio- 
active and botcipic dating. 

RELATIONS OF PALEONTOLOGY TO STRATIGRAPHY 

Fossils were noted and attracted coftividcrable attenlion long befoie locfe 
became r>bject 5 of interest and inquiry. Before the beginning of ihe mnti- 
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teirnth century many kiiicb pf fossils had been roflccted, jlJiistTated, de- 
jiCTibed^ and named in vaiioas wuys. Up to that time little significance was 
attached to them beyond tbdr bcin^ itJCOgnized as denizens of an ancient 
and largely unknown world. William Smith s dnerwm tlial fos-sils occur in 
definite jtmtigopbie order and can be used to identify lock forinations is the 
milestone marking the beginning of both modcni stratigraphy nnd stiati- 
giapliic paleoutolog}'. ’Hitse studies are mntiuiTiy so closely rekled that 
neither conld have devdoped without the Dthcr. Modem paleontolopj^ hnw* 
e%'er. had to await the fonmikhon and acceptance of e%^oJutjon3ry' thoor)' 
l>cfoTe it cmiJd emerge os a real scicocc. 

Stmtigraphy luid its origins in the Cerman school Of Wemeriaii gc«jIogj'. 
A local stratigraphic section based upon the principle of snperpcsitiqn was 
built np frrrm ohsenations in the field. 71ieconcq3t of uruvenaj fomptions 
then encouraged litliolcigic eoirelatinns that were belies od applkahte to the 
remotest regions of the earth. Smith's paletmtologfc method of ctitrchition, 
hcTW'cs'erp won speedy Rcccptancc and soon demonstrated the fallacy of nni- 
versal formatKms a;nd extensive lithologic corrdations. From this point on¬ 
ward. stratigraphy and pakontology^ progressed together. An advance in one 
made possible a ccsTrtsponding forward step in Llie other. 

Paleontology has long been rEoognized as the most satisfaclon- means of 
correJatinn except for ccmpamtively short distances. If fosisih are to be useful 
for cofielationr howe^er^ their posidDiu in the stiatigiaphic sc<tian must be 
known, 'nierefore, the first stqj is necessarily the consttiictioTi of a strati¬ 
graphic section. ITiis is accomplished by observing the physical relations of 
as many rock imits as can be recognized and traced within a Fairly restricted 
area or disttiet and deteimnung their stratigraphic order. 

After a settioii Ilu been builL np in this way^ note is taken nf the strati¬ 
graphic ningc:^ oF llie fo.ssils and their associatimu; in moie or Jl-^s distiiicttec 
hiiiTMis nr floraA that are cliuTacteriitic of different zones. The nbscrvatioii of 
fOcLv a nd fovsih may proceed together, and paltnidology muy con tribute 
impnttantly to ihe fecognition and tracing of lOck units ev'cn in the eailv 
stages of a stiaiigrjphk study. 

The stratigiaphic section is now available for comparison with other sec¬ 
tions that may liove been or will be studied in a similar way. Comparisons 
arc t)ascd on liorh Lithologic and plctmtologic features. 1| U cominonly 
recogiiLted. liuw4rvTr^ that paleontology becomes relatively more ^iignificatit 
and litJiology^ liecomcs less rclbblc as She di.>dance betw*ceu areas increase!?. 
If there appeals to be con flier bctw=ecn lithoingie and paleontalogic evidence, 
the btter ordinitrily h lav^orcd. 

A stratigiapliEc section wnrtod out in any area and de^^enbed m general 
terms with respect to lithok^cctcaractm and thicknesses Si) lhar the descrip¬ 
tion is apphcable to the entire area rather than lo a particnbr outcrop or lo- 
eality is knowTi as s general sectmn. If a srintigniplik section is w'tticJy cni- 
ploycd as a standard of comparison^ commonly becatj^c of early thumugh 
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study, tomplekncss. Or ahundaiiL'u of fossils, it inay lie accepted and known 
as a Affd section 

No pio-'ifHL'! infonpation was a\^ 1 able for compsrisati when Ihe first gcu* 
cral section ^et up and tTiene was no paleotitologic cs'idencc lo in<Itcatc 
whettiei or not it is complete oi interrupted b> nimieious and important 
stratigraphic breaks. Abrupt and coivspicuQiis changes tn the fossils occur¬ 
ring in adptceiit beds might indicate eitlier a stratigraphic disc:rintiniiih’ or a 
significant change in facies. 

Probably no section rvorked out later would lx‘ exattty similar to the Gist. 
U might lack one or more fossil i!ones present in the first and it migJit in- 
elude zones difierent (roui any of those previously observed. If a new zone 
were found tn i[itervcnc between rivo old zones, the presumption would lie 
made that the first section is iiicoinplete. By combining rlic zones of these 
two sKtioiis, a composite section mote complete than either of them would 
be constructed, and a general section applicable to a larger area would be 
available for further comparison. Eacli new section that is worked out pro¬ 
vides information for checking, impios-ingj and extending liie composite scc- 
Hoiu s'hhich gradually becomes more perfect. This process has been Eiring on 
for more than ISh visits. It will ccmtiuue until all strata available t«Observa¬ 
tion both in outcrops and in subsurface records have Irecn fully investigated. 

Actually, the proecss of building up a complete and accurate stratigraphic 
sectiun is not so simple because all zones are more or (cs local. Differeutlv 
diaraclerm-d zones at approximately the same stratigraphic position m dif¬ 
ferent nicrri Tuav be of slightly different ages, or they’ may be cquiv-.-ilent in 
age and only reflect tlifiercnces in environment Tliis is a comaiun problem. 
Its satisfactorv solution is bkelv to depend more oo physical tlran on palion- 
tologic evidence. 

If aji uiiconfomutv is recognized m one sectitm, one or mure additional 
yotiES imiv be erpccted to occur at other plants. Dlscoriformities, bnwrarer. 
an: ni>l tleaily apparent cvciywhere and difieicnt inteipretatioiis Iravx' re¬ 
sulted in fjiany disagreements. Nonevident disconfmmities have been pre¬ 
sumed tu oceiiT in order to account for the absence of certain stones. Careful 
study may indicate rhat a zone in one stratigraphic section grades laterallv 
either wholly or m part mtoo diHcrently characterized zone dsvwheie. As oli- 
senations cuteiid throughout larger and larger areas, change* of tlli.s kind are 
more and more likely to be ciicmtntercd. 

Some fonmtions oi zones arc unfossiliferous <ii lacking in useful zonsi! fos¬ 
sils, Tlieir placement and corrdation with respect to a standard setfinn fwse 
a soniewhat similar pioblem. Al.«i comparisons of niadnc and continental 
strata, zoned on the basis of invertebrates and plants respectively, are pr- 
ticubrly difficalt and imccTtaiii. In some instances, as in die Tertiary of the 
Atlantic and Gulf coasts on the one liand and the Great Plains and Rocky 
Motmtam regions on the other, two different standard sections may be lec- 
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ognizcJ who^ mutual relations aic not adequately Ljiown. Obviouslyv as less 
similar fades are compared, tiricertamtics njcrcasc. 

ITius, fcjs-iils are zoned according to their positions in Lhe sttaUgraphic sec¬ 
tion, and ctjTTdfltkiii& are made npcin the ba^is of these zones. Hifeeut m- 
cnnrpiete stiatigmphic sections siid their fossils are n^ed to siipplimicnt 
each other ui aii effort to biuld op a complete section and a conipkte suc¬ 
cession of fossil fannas and floras. Errors introduced at aiii:' stage in the proc¬ 
ess arc cumubLive. Unless discovered and corrected diey inSuence all suc¬ 
ceeding interpretatioiis. Tlic equivalence of differently dismctcrircd fossil 
zones or difluently comtituted stratigrapliic units may not fie recognized, 
and these may be consideied to wedge in between each other in mch a way 
that dripljcation pnxluces a composite section ctHfi thick and with loo many 
zones. Conveneli, zones nr unibji of differ^t ages mav be mistokeidy crju- 
sidered to be cquivalent, and a composite section too thm and too sinqdc 
Eiiay result. Insofar as errors of cither type remain imdclectctL erroneous 
stratigraphic sections and palenTUologic stnudardi^uiav be set Up. 

This dtcidar type of irvidtmce and rcasuning involves hazards I hat arc 
fjhvioiis if the mutual dependence of physical straligraphy and stiutignrphic 
paleontology i-s realized. The dangers are not ea^y to avoid. Both carefni ob- 
sennitioii and g^Xid judgment ait ttqmred to rcdtict tjitrn tn a minimiiiu- 

SUBJECTIVE NATURE OF COHREUTION 

Corrcbtifin ctniccms mutters ol fact Strata in different areas dthcT are or 
arc not equiv'alcnt in age. The correlation of these strata ^should he kised on 
all available pertinenJ evidence iu accordance wtlli the bcsl fudzmtml of lii 
grologist or paleontologist. Very iitrely or ues^er iv the evidence ahsoltitdjr 
conclusive. Cotiseqiiendy. praciically all cartebticm.v ate expressions of opin¬ 
ion rather than established facts, andapinioics may differ greatly, 

Simrlarity of fossils comm on I v is considered lo indicate [he age eqnivd- 
lence of strata in different areas. It is more realistic and accurate to view 
such simiknty in anothcf ^v*ny : to consider that it only fails to indicate a dil- 
fcrcuce in age. best* vtnila eliamcLeiized bv similar fttssik aie knovvTi to 
occupy corresponding in diffiereni sltatigraphic sectinm. They are 

iifjl- tmjwn lo be of different agev. T'hh nundit[ort tenned honintaxis. llic 
dcterminalioii of actual and Cx-icl age cquivaltricc* Ox chronotaxis, is^ gciicr^ 
ally 4U1 imattainabk iilejL The jiTobjbjljhes wiumunily arc avcrfllielming 
that conebted stiatigraphic tmils in different areas are not exactlj cijuh-a- 
lent. E\-eii though they largely c<irrespond, unc is IJkeU' to mdiidt parts that 
are stimeu lidt older or somewliat younger than the otiier. 

Tlie opinion has been expressed seriously fJiat simikrity nf fossils in dis¬ 
tant areas is prwirivc proof not of equivalence but of differences m age. 'Hie 
argument presented is that an appreciable time must have berai required 
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to permit organisms to migrate ftoni one area to tbc olber. No one can know 
witli Certainty' Iioh* rapidly organisms niigntted tn tiie pas L Some iiioderiL cs- 
amples have been cited, however, to show that geogiaplnc ranges may tiar'c 
been extended with a speed so great as to liavclsccn piacticially in^ntaneoos 
by geologic s^andatib. Par instance, a spodcs of Eirropcan mariirc snail wes 
intjcxiiiccd at Nova Scotii! and spread si^iithward along tlie Atlantic coast 
70() miles m ks?^ than fifty years. At this rate and ino\ing in all directions, it 
could encompass the eorth m less than 1000 years. An African land su^ iH' 
Ijoduced in the niilippmes during World War IJ by the f apatiese spread to 
many parts of the hWds in tcu years and became so numerous, that it emt- 
stitEitcd a nnismice if not a menace to certain "kinds of agrimlture. 

TTieac imd other staking ciainplcs arc ^miisual in lliat ^pccica were siid- 
denly intTOdiiCcd into areas whint conditions were favombk and competi¬ 
tion was at a minitnim]. Somewhat rtmilar chance introductions may have 
occurred in the geologic past. Most migrations of fossil species, howev er, m- 
volvcd movcnicnrt lu which jndi\ idnal species or entire faiinas and floras re¬ 
sponded to iijsportLmitics created by gradually changing local enviionments. 
Such movanesiLs maj at rinic^i liavc beai rapid, paiiicularly if an ecologic 
hfliiier broke down. .Most of them probably weie tnucli dmvtT. Actual iituc 
iiitQ rarely can be estimated with am degree of accuracy. MEgralttms iluit 
w^re vmi' $1i>w by modem standarrb, Uo’fcvtrv'er, may h 4 vc been accotuplislied 
in time intmals tmdettxtabk by any phpical or paleotitLilogie means. 

kaunas and floras have changed on a world-w^ide baiiis as the result of evo- 
fution^ w'hich contmiiaby produced new fornis of life. Older forms disap¬ 
peared liecause either they evolvo^l into new ones or they became extinct 
witliont lej^mg descendants, k'autias and floias presented as fossils tii [ocal 
areas, however, comntoijly changed fur other reasoas. Nctv species tiial Irad 
originated and lived for variable lengths of time iti oilier areas shifted or es^ 
tended their g^xigraplik ranges, and old farms disappeared became local 
ermditions becamt unfavoiable for them although they may h^vc ctmtinued 
then existence cbewherc. 

The 3 ppi:araiiceof new species and the disappearsnee of old Ones are both 
used as evidence for the correbtioii of strata from place to place. Neither is 
dcTisiie bccviuse li is mconccjii'^blc tfiat any specie^i appeared oi diiippcared 
ijraidtarieoully cvetywherc. 

Many plotJittologub have CDijsidcrcd tfuil the appearance of new species 
b more the dtiappearanee of old ones. They have teasooed 

Llint a wenv vpedcs nmsi liavc poAsevsed srmic advaiiUge$ o^-ct old tmoi or it 
could not have tlnebped. Because tliesc advantages faA'mcd jt, the new' rtpe- 
was suc£i?ss(ul and piohably lE able to extend its range rapidly. Con^ 
vcTsch', ail old species became less and ohle to compete *mtli new ones. 
It was crowded out fiist in one area and tlieii m another, f inally it may hav^e 
been nratrjctcd to a few places wlicre for some reason it wai uMe to mamiiim 
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itself pEihaps for long pericKts of Hint, Thus* it tiss the appeui- 

ance of a nc^v spetits is marc likely to lodjcatc close ^miilaTitjr in age Hian 
the disappcacance of im old one. This reasoning may or may not be valid. 
Even if it there R likelihood diat all species of fossils presein similar 
puttemi of esistenee. 

Various important imeertainttes coneeinltig botli physical and pcjlcsjn- 
tologic ev idence cmplojed in stratigtaphii: correktion can nc^er be climi- 
riatcd completely. TTierefore, every wnrektion shntdd be lecugni^rCd as an 
appraximaboH. It ts tentative and subject to change as new* evidence is ob- 
lained or as old evidence is rcevainated. 


BroLiaGR.\Fm" 

Allan r R. S. (194^1* Geological cDrrckb'on and palcntndogy, Byfl. Geof- Soe, 
xAfTiCT^.vol. 59 +pp. 1-1 Cl 

Paleontologic correktions are insecure if facies fciatiuns arc ignoned- 

ArkclL W. J. (19>6)* furijssic geofogj' rtic Edijiburgli. Giber and Bcjfvd. 
Chapter L pp, 3-H. presents tlic standard StagC-s and aones of the |uia$sie 
System, 

Dunbar, C. and Rodgers, folm (1957), Prindptes oi ^twiigraphy^ New^ 
York, 

ChtipkT Ih, pp, 271-2BB* discusses both phr-sica! and palenntologic correw 
tation. 

Erdhiiaii, Gunner ('1943), An mlToductiopi fe poHcn \^^altliiLm* 

ChTunica Boranica* reprinted 1954- 

^taTn conrideraftoti is to pCKSigbidal pollen, which ufentiBcs BnetnuNons 
in tcijipefahirif mA IniTnidity. 

CmhaiL A. W. 11913). of ifrdftgm^^fv. New Y'urk, Sdler, reprinted 

1924. 

Chapter 32, pp, 1121-1144, dbeuives prijidplev uiid uietltDcIs of comk- 
tkin. 

Howell, 3, h\ i^chainniJii) >T^44), Coirctulicin tii rtie Cambrian lurmatioiis of 
North America. Bui/. C^oL Soc. Atfict., vah 5pp, 9^1-1 i)l)3 . 
lliis ineltiilcf a correktiun chart and list of Cambrian fairnal 2nne$- 

Ko^arikc;, R. M Feniisybanian spores m Jlliirois^ and thdr me iu corre¬ 

lation, 111, GcoL SvfTv^ Bull. 74- 
Tlititratigrapkic ranges of 150 spedes sredlsctis^iiCd- 

Knimbem, C-, and Slosi, L- L 119SI l^Slrati^wpkv <md sediincrifarioiT^ San 
FranciftCfi, Fireumn. 

Chapter 10., pp. 2S7-J16. is concernetl with Ibe principlcv of ooircktioti. 

NeaversoiL, E, (19551* SfrcrfigrtiphiCiil pn/^fuitntogK, 2nd cd.* Oxford, Ckrmdnn, 
An nuttine descriptlmi of British graptolitc zones ti inctuded- stir pp |62- 
173. 

Schnehert, Cbailcs (1921), Methuds of determining the rdatinuships of marine 
in vertebrate fossil faudiis, Bu/?, G^oL Soc. Amen, vol. 32, pp, 319^348, 


566 STfL4TIGRAPHIC PRINCIPUiS AND ICE! 

to pcrmii oi^nism^ to Emm fwie area to tlie otlici. No one can know 

with cert 3 iriit>^ how rapidls' oiganisms migrated in the past. Some mcdern ex¬ 
amples Ii3ve been cited, howeverp to show that geographic ranges may have 
been extended vrith speed so great as to have been practically iiistantcmeous 
bv geolo^c staiidindfi. For instance, a species of Emopeaii tnariiie snail was 
jntiodiiced at Nov^a Scotia 3n<I spread southw*aid along tbe Atlantic coast 
7CH1 mlfe ill less than fifty ycais. At this late am] uinvfng in all dirvetjonsp it 
could encompass ^he cartli in less Ltian JUQO ycaii. An African land snail in- 
tioduced in the Phifippims dming World War J[ hy the Japanese spread to 
iiiLiny parts of the islarids in ten years and became Sd numerous tliat it con¬ 
stituted a niiisancc if not a nieiiace to certain kinds of agricultufe. 

lliese and oibcr strildiig examples are unusu:i1 in that species were sud^ 
clciily introdnied uito areas where conditions were fe^-orable and cninpcti- 
timi was at <{ mininjuns. ^uiiiewiiat similar diance mtioductioiis may have 
Qceurred in the gefdogit past Most migratiom of fossil howcittri in- 

vnived mtwi'mmls in whidi individual species or cntii^ bunos and Boras re- 
upended to oppartmiilits created by gradual I y dianging local environments* 
Such mtivcmenis tiuay at times tiave been rapid, paiticijiarly if an ccoTogic 
barrier broke down. .Mast of them probably were much slower. Aettml time 
rats niiely cau be stiinated witli any degree of accuraev. Migmtiona Hiat 
were very slow by modern standiiids, however, may have been acomiplishod 
in time intmah iiiitktcctabie by any phviical or palconlobgic ineans, 

Faunas and Umas have changed on a world wide hasis as the tesiili: of mv 
lilt inn, whkk emitiuually produced new forms of life. Older forms disap 
pea red because eidiei they evolved into new cmcs or they became extinet 
wilhout leaving decendants. E'annas and floras preserved as foists in local 
arcaSv however, coinrocjnly changed for other reasons. New species that had 
otigiuaicd and Ih’cd for virriable lengths of time in other areas sliifted or tx- 
tcinlccl iJjeir gLXigmphk ranges, and old foirru ditappcired because loail 
conditimis became unhivnrable for thdn althcmgli they may liave coutiuucd 
their (.■xisfeusc ekewhraer 

'] he .ippcarujiir of new species unrl the dbappeaiance of old ones are both 
II kJ u^i evidence for the eerrebtion of stnibj from place to place. NeitUet is 
decisive IrcGiuse it is incaned^^hfe that any species appcaietl or disappeared 
nm u 113 neoi is t y c veryw here. 

\!any palcontdlogi^tj have considered that the appearance of new spccio 
IS mure significant rhmi the disappearance of old ones. Thev have reasoned 
that fl new- species iiiusi have pojisesscd sonic advantages over old ones or it 
cDuW nut have developed. Became these advantages tavoted iL die nm ape- 
ciw ^ucoi^ful and piulTably i£ wav able to extend its liingc rapidly, Qm- 
veisdy. ail old hkcics became less ainl less able to coin pete w\fh new- ones. 
It was crowded out first in one atm am] then in anutlier. Finally it may havT 
been rtstricted to a few places wlieae for some n:ason it was able to mambiiu 
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itself pcrtiapv for long pcfiadii Hoic- Thus, it luis Ixcn the appeal^ 

ajicc of a new species is more litdy to indicate dose sirriibrih' in agp than 
the disappearance pf an old one. This reasoning may m may not be >'a!id. 
Even if it Is^ there is small likelilioud that all species of fossils present siiiiiliJi 
paltenis of existence- 

V’^arious injpDiianl tmteiiainEi^ concerning bcitii physical and palcr)n- 
tologic evidence emploved in stratigrapJik comcktloii can never U- dimi 
nated completdy* Therefore, every correlation shoulil be rectiEnbed as an 
appiviximation. It b tentative snd subiect to change as evidence is ob- 
tained or as old mdenct is rervaluatod. 
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Historical Geology 


SCIENCE AND HISTORY 

ArrmsT thought ^citncc snd tiistnn- seen to be two district disciptincs so 
divetscin (heir Dbjcettvt$ and their melLods that no coaipariijan is posdble 
Tnic. the j-tiictl)' physical sciences, physics and clieinishs-, arc concemed Mith 
the investigation of tuneless poqcipies and laws and diercforc might ap¬ 
pear to possess no historical qualities. Even tiiough these principles and 
lan^ presumably are oricbaagiug and cteniid, the toalerials wJtli which they 
deal are not. Spectacular adtuiices in the imdenhmdiug of atomiV structuie 
have demonstrated tlic rodpiocaUty' of nuttei and energy, and the cs^liition 
of the chemical dements is a snbjcct of investigation and speculatinn that is 
liistorical in nature. 

All other sciences find their ultimate basis in physics^ whose principles, 
whai they are imdcrstnod, can be espressed in hcautifully simple mathe- 
matica) terms. Elach oUjer science introduces its ovra camplaitics as it 
reuches out beyond tlie fundamental lavn of pliystcs tii encompass a mure or 
less specialized field dealing with some restricted aspect of the unnrnc. For 
this Ttason, other sciencei are less readily analyzed mathetnotically and so ap¬ 
pear at present to be less cracting. ActnaHy, llie farther a science « removed 
fmin physics, tlie more cmnples it becomes because it is cGnccmed primarily 
with more intricite rehttirsni and reacibres. These in a very real iicnse oie 
conditioned by environments, and a complicated and iiiterwmeo cha m of 
cause and effect op^t^ in nature m which cv’Ciy reacHnii altcn m euvinin' 
mentand no later reaction can ever produce ciactly the same effect. Thus 
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cvtilDtion in some form is in progress with respect to Ci’Crr aspect of the tmi- 
vcise, 

Eadj great convcntiona] divisioii of the natuxal sciences has been split into 
smallef aiit) smaller segniEmts until its distmcHv'Cnc^ his seemed to disap- 
peii:. 'Hie dcvelopmoit of bordeiliuc fields also has bridged the gaps be- 
tween divisions^ and the miity of all science l>ttomes piognesiRch more evi¬ 
dent. \^'’itb increased specialization, howcsTcr, the interests and viewpoints of 
many scientists have teaded to narrow Tiicire and more. Each investigator 
puisnes his own particular specialty with such iatensii'c concentratiou tliat 
its relations to science as a whole may be overlooked or stem to be of small 
concern, How’cier salisfying Ids discuveries and coticlusitms may be in the 
.scientisthimself, tlieif real itiiportancc can be measured best by tlitM applica¬ 
tions in bitiader fields. ‘!Tie accumulation of detailed knowledge is essential 
but it is no more lium die initiaJ step in scientific progress. Synthesis of de¬ 
tails into a united whole is rbe grand objective. This becoDies increasingly 
difficnlt, lifraTver, and demands a rare breadth of vision and imagination. 

Geology jn its cntirct) probably is the innst vaded and complci of all Ibc 
natural sciences because it is founded upon and combines Jhc principle* of 
the other more basic sciences and draws mcreasingh upon them far its at- 
compfishments. Geology is a synthesis of tJie pUy-sical and biologk sciences 
as these arc applied to an imdcrstanding of the only part of the universe 
w ith which man lias direct contact, that is, the earth. Each of these sciences 
has its es'otatioiuiry aspects, which become more evident and more hnportaiiL 
as science reaches out farther and farther from its fimdarncntal base in 
physics. Tire evolutionaiy aspects meet in geology’ and are reinforced by the 
fact Uut tlic present condition of fhe earth cannot be nndmtoiid eiccept 
tljmu|;]i comparison with its pii(. Thus consideration of tlie evolution of the 
earth Focuses attention upon its history. 

Some history « no more tlian a natrative account of a senes of events ar- 
tanpjd in the order of their occiirrcinx. The narmtivc may be true and de¬ 
tailed. but it is unsatisfying and largely mEauingless if the relabotis of these 
events and the reasons w'hy one followed upon another ate rot understood. 
Much of historical genlogy a.s it is now known and ai it is commonly pre¬ 
sented is merdy a nanative of this type and a rather poorly integrated one at 
that. It consists mainly of an account of shifting shallow seas, rising nioiin- 
tairw, and sinking basins. TTie main event* that have altered the surface of 
the earth during perhaps the last 12 percent of its esistcncc are fairlv well 
eitablishcd, but most details are hazy and earlier happenings are very inade- 
rjuately known. Thus at pieseiit much hrstorical geology can hardh be con¬ 
sidered sdeatific. b rom time to tiiuc new theories diaw-n from physical and 
chemical concepts arc presented in attempts to explain to some ntent the 
saqiicnce of eveuL. Such thcorra generally arise as speriiJatians and they rc- 
rjurre continued and most criticaJ testing in the light of new mfortnation 
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supplied by btitli field and iaboratoTT studies. U is ob^ioii$ that an cnomirtus 
amount of rtork rtinaLns to be dune befun: a satisfactonr^ acC'Ount of the his¬ 
tory of the earth can be compded. 

GEOLOGIC SYNTHESIS 

Rceaioe of its mnltipk fouiidatiotis, geolog^^ unites an lid usual divmitj' of 
in tenets esteiiding ffcnn rlie vm small to the very laige—for esampk, the 
shiK’hire^ of molecules and cif continents—and these nmge widely thmugb- 
out the rcaiasa of bfjth physical and biologic science. Many of the subiects in¬ 
vestigated by geologists might be classified with one ol the other natural sci¬ 
ences wcie it not for the factor of moti^atioiL Experience has shown that 
nunmoiis studies app^icntly remote from the centra] and orthodox geologic 
field, bui of definite interest to geologists, aie not likely to be undertaheu 
soan by atlier scientists. ConsEqucntly. geologists liave of ncceasit)* applied 
the principles and tccliinqiijcs n£ other sciences to a varim of problems in 
certain borderline areas in order to obtain the infoniiation they desired. The 
diversity of these areas h so great rhat the concepts and vocabularies familmr 
tij workWs in <jne field may be nnmtelfigiblc to workers in another. For ex- 
mnple, tljEtc are no obvious relations connecting the X-ray dlficaeUon pab 
tem of n mineral, Uic isotopic compositiun lif carbon dioxide, the evoJuhon- 
ary devclopmeid of triinbitfS, and the distributkin of earthquakes. If these 
were repmcntative examples of gcologk rt^carch there would be little rea¬ 
son for ctiiitending that geology b 4 scJmccin Sts own riglU, 

The centra! aiea of geology i$ ihe stud) tif niefcs as they occur in nature^ 
and the ttadirional areria of ib operations b the fidd. Niiture in general and 
gtiidogy in prticubr are not stabc, bub so far as the practical possibilifies of 
observTiliCPn are coiieeined, rocks arc verj’ nearly so. Ahliongh rocks have 
bccii subjected fo tlie iiiftuciiccs of heat and pressuic foi long intmah of 
time and tliereby altered, tlic^e forces cannot be observctl at work, nor can 
the laboratoiy reproduce and ™intani natnml conditiims. Thus the ebtmic- 
tef nf theic forces and the duration uf ihcir action must be inferred^ imiinlv 
from the stincturc and cunipti^itiaii of the rocks and thdr rebtionis js the)' 
now- o<3tur. Field obsen ations are restricted ty the ^sser rebtions and char¬ 
acters of rwb> and their ctnisliluenis. More detailed studie?, however^ cao be 
made in the bljonitory b) a variefi of niethods and thereby a fnlTcr knowl¬ 
edge of the qualities and probable reactions of geologic materials tan be 
gained. Such laboratori studies. lc;iding off in all diicctioni^ largely account 
for the centrifugal expausksn of geologic interests and in vestige tjons. 

Most geologic processes are so slow that their progressions cannot be ob- 
served or measured wcU enough for ttieni tu be cv^aluabed. As one con^e- 
qumte, lit tie mterest tia^ developed in prcdictir^g Icmgrtcnn diitngcs in the 
condition of the earth because tire)' are not likely to a£cct man’x welbte 
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Mithin foreseeable future tinjc. ^^5 uiiotlic^ practical h' all ransiderations -tjf 
the dnianiies of geologj* arc rdated !£i the past and find expression in the 
niuratioii aaitt explanation of geologic histoiy, l"his is a unique feature of 
g^olog} tliat is not duplicated in other sciences, which are more coiicctned 
wiili the present or the ftiture. Geology as an acadraiic science is batkyi^ard' 
looking and finds its sahshittiun in an imdeFstandJng of wliat lias Uappeued. 
Asa practical science, however, it h rramcnsely impurtant because it provides 
the only effective guide to the cxploitatitm of the earth's mineral te^unrec^ 
upon which Tuairs prCiicnt and hrtnrc vvelfan: depends to an ever intTcasing 
degree, 

geologic studies fall more or less clearly into one or the other of two 
clasrses. Studies of the first class are devoted to ilse nivesfigatkm of the tttii- 
teriiiU of gct^TogA; they set:Ic to dcti^Tmine the cliaxacteK, pnipcrties, and spa¬ 
tial rebtions nf al] TT>dcs, their constitueiiLs, and llidr deriiutivos. 71ns is 
descTiptive geology and here belong most coinentional geologic studies, A 
vast body of descriptive mfurniatlEUi has been amassed and studies of tliSs 
hpe continue to be pressed m ever greater detail ATthnugh ranch rouaras 
to lie Jtiiintetl, descriptive g^h'Jg)^ is ivell advanced and provides the data 
upon whicli a narrative ly|icof geologic histon has been built 

Cctilssgic: Studies of Hic second dass are devoted to invcshgalinii of the 
forces that have at ted on geologic rnatcibh and the proce:sxe^ th;it have cun- 
trollcd or influenced the fumiatiori and alteratioii of all rock?; they ? 5 eek to 
rEp/frin the chanictcTT. prcFpcrtks, and iielutions of the wcL%, Tliiv is liynarnic 
genlogy. It has l>een icss extensively and less sua.es5falty pnr^icd than de¬ 
scriptive geologs' and its present status is far froiis satis be hw in spite of 
mucii recent progress, Jkraie of the simplet processes are adcquatelv iiiidct- 
stQod but usany geologic prchcesscs and interactions arc exectxIiiLglv toiiiplcx 
and ihc dfccts of forecs acting undet extrefne condifions t?f prcEsurc and 
teiii[jenihirt and foi exteiided periods of time are vm incompletely Cf^mpre- 
hciidcd, Cernsequenth tuost uiEetpretatjons of the dyninnit aspects of geol¬ 
ogy an; iiascri nti sfiecnfation tluin on a modicum of knowledge. A 

nnich better understanding nf thu subject must be gained before geologic 
histuiy can become a cxnuprchcnsivc and coherent exposibon of terrestrial 
devekipnicnt. 

Gcoltigic history' is essential I} an organ iKtd synthesis of all goohigie kuovvh 
edge. E^ery advance in geologic resoirrii contributes directly or ki 

its perfection and it is only in this wtiv that aJI geology is iinifird. Geologic 
data arc vuliimiiioiis, himcver, and so diverse that they must bt svstema- 
tieed to make fhcTii tompreliensihk. 'Flm is accomplished largely in three 
ikps. hhrvt, spcdalijrcd dab Contribute to the understanding of materials and 
processes and to the formulation of principles and gciierrtlizatioiis pcrtmcul 
to one or another of the major subdivision.! of geology. Most of these Ihcn 
ar^ applied to tlie inEeT|!prctation of stratigraphy. Stratigraphy in tuni pre^ 
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vides the in^nization that pennite broad historicii] prc$cntatbn and n- 
plaoation. 

Complete geologic synthesb requues oiganization with respect to both 
space and time. Spahal relations find expression m geogisphy, winch js static. 
Time relations are revealed by tectonic devclopinents, w'hich are dsiuunic. 
Historical geology, tiierefoie, is compounded of these eontiastiug elements. 
Its nanahve is most dearly expressed by tlie ahematc comlderafion of paleo- 
gcogniphic conditions and paleoteetoiiic duuges, 

PAiEOGEOGRAPHY 

Faieogeographic reccrnstiiiclions are mtended to present the features of 
the earth's surface as these existed in the past. All geographic features arc 
transitoiT. The siiocess of paleogeographic inteipretatkin depends rrpon 
(1) identification of past geographic features and tlicir legimiai relations, 
f 2) accurate eorrelstipii of cnndjtiotis aud events throughout wide areas, and 
itditcfiouof the tin I c element io Ute greatest possible extent. 

Poleogeogrophic Evidenco 

Varimw kinds of gtolo^t evidence contribute more or less directly to pa- 
Icogeogiapliic rntequetatioii. The most important are (11 stratigapliic, 
12) paleoatologic, . s> sedimentologic. and (4| tectonic. Each kind is -iig- 
uificaiit in a different way. TogclJier they provide the basis for recoiistniC' 

tiuD. 

Strati^phic Evidenea 

Stratlgrapliic evidence is the most direct and positive. For cscamplc, the 
presence of matiue sirata in any area is proof tliat this area was occupied by 
the sea. In coiitrav!, llic alwence of such strata is meoiichisiv’e evidence that 
marine submcigeitee did not occur because formerly existing marine strata 
iiifly Iiflvc been cirxled. In the same way, if distinction can certainly be nude, 
the presence of non manne beds piccludes the costcrux of marine condi¬ 
tions and establishes the presence of a basin of tion-tiiariiie deposition. Con- 
enreUnee iii tlic present distributkiii of marine dqKtsits vritli the patterns of 
andeiil epicaiitkicrilal seis » likely to be less and less cloiic a.s pmgrcssivcly 
older strata arc aiiiiideied becaiHC of greater opportunities for the destruc¬ 
tion and removal of rocks by enution or their mctamoiphic alteration at 
men: immcnriu intervals througlmul a lungs expanse of time. 

Sbiatigiapliic condation provides the time control that detsuiincs the ac¬ 
curacy and degree nf ctmtemporaneity «f regionally related paleogcograpbk 
features and conditions. This is citremdy important because inaccurate ecu- 
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Tebtioii^: arc likely to result in iriisiiitcrpTt?tations. Ukcwt^c {he time limits 
witijitL which cfimlntioo it posiibk are ctitical because, tf the limih ate ifcidc, 
iaterpretaliom are certaiTi In be gmenilized nud tliej' may fafl to reveal not 
<mly Ttlationships as they actually eiisted at apy time Init also the signifi¬ 
cance of Tclatiunships. 

Evtdmee 

Paleontology pla}3 a prominent part in stratigniphic conebtion and en¬ 
vironmental illterpretacion but ilicse rec|iiirc no fnrther consideration heie. 
Of much more immediate importarvcc b the rtlbiice tiiat has been pbced cm 
fossils as indiratoTS of the ccmntt±ion or bci of conncx'tion betiveea areas of 
sea Hiid areas of knd. Jn general the simibrity of fossils in difierent icgions 
lias been accepted as proof of more or less direct connection wliercas differ¬ 
ences of fossils in strata believed to be equiv:tknt in age has been regarded as 
indicating the intervention of pIiv^kaT barriers. Id this vvuy the eiislence of 
land bridges across Ck;C 3 ns gnf! the connection of continents have been pos- 
tulalcdp and epicontinental seas have been visualized fnined la the oceans 
iu various directions. Also different parts of epicontinental seas Itave been 
considered to be uucoiuiecled embayntents originating from different 
sources. 

Many rntcTpretations of this kind were made before pcifcontologist^ recog¬ 
nized the impoitance of ecology in controfling the distribution of ^nnnab 
and plants now preserv^ed as fos^ik. Some of lliese intrrprctaticns are pits- 
ently knoivTi to be iiiarrreet anti all supposed evidence of this kiud should be 
most critically reappraised. Physical e^'ideiice sub^ntiating the conuecHon 
or separatism of Miraa of land or areas «f sea generally is [ackmg gt has not 
been sought. Ffir cxaniplc, most of the Paleozoic epicontinCTital seas of 
Nnitli America have been shoum on maps as. joined at one time or unoOicr 
with the oceans in aff four directions. The only positive pbs-sical evidtnee 
for these postulations is the extension of i.om€ Paleozoic ^nuation!^ north^ 
ward up the Mackenzie River valky to the Arctk Ocean. EjiviTOnuieutal 
difftrentes rather tkau physical bameis cermiuly acccitmt for the tUfferenccs 
of fo^siU in some ncaiby areas. Emironmicntijl simiLuritics also might result 
in the Gccunence of mnilar fossils in some areas llial noi in close com¬ 
munication vpith each nther. 

Some fossil occtineiices provide evitleiicc of temperature aud other cU- 
matfc conditions in the past that ate pafcogeogniphicalh important i see Fig¬ 
ure 217), For example. Lire mstcuce of coral bearing reek and coal betb 
north of the Arctic CtnJe indicate nriid if not Viurm temperafuics. From this 
tlje eoticltisiun iias been dtawn either drat world dimate was at times much 
moTc uniform and warm tltm it h trxipy or that tlie conrinenta or poles have 
shifted ™tably during the coitr^ nf geologic time. Coral studies based on the 
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Figure 217 . Mnpi oi Norrh ArtivFioi ihowing ttie shifting of dimotU: fofivl durtrrg 
Cmq^Ic lira* « fMnbd byr fh& dbfribufnn hJ fmil ptews. Qorf, ! ?57, >¥«Crrh«r. 

¥oL 10^ p. 5tf fig. S.1I Sh elw Figi^E 2lS„ 
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assmnption that rnaxLEntmi graw+li indicates locations nc^r the equator have 
led to the suggestiofi that continents have shifted ^ith respect to the 
equatorial i/mc. 



Fig^ure 213. Map oY CciJi^Dmpfll and odjacffnt during MHQhPllac«fi« liipii ihowmg! 
tK» diagiDriiniotic rDcginitruCttcin g4fl49mliz.9d itKp&gropi^ jr Qf>d mjnfuli tnnvf ai rttdh 
certed inalnl^ ip^ fia™tkini in ih* fowl I flofoi- l>f+et Aj^rlredL Soc. 

v»L -60^ p_ 19^ pi. !, end p. 34, fig^ 5.1 

























578 STRATIGRAPITTC PRINCITLES AND PR.\CTJCE 

SoiDF CPTiclusiom tlih i:btl have "besn general sml to an nnwanzETitcd 
Extern t As an example, Carbouiferon* C03J swimip forests eommonlj iuvE 
been regarded ds rceording a warm anr] hiTmid el mate and tlse general cli¬ 
mate of all CarbonifcTuiis time has betm intopreted accordingly. \'cgetahl£ 
materia] that constitutes the coal beds accumulated^ however, only inlet- 
vats ihit all tOgethtT make iTp a Tcbtivdy small h'actioii of lUe Carbonifet- 
otts. llie coal beds cettainly are not suffideoL evidence for the conclusion 
tiul the cJimflte was continuouil)' either warm ur liimild. Some gDulogiits be¬ 
lieve that this \vy{% exactly the tinit of Mic great late Pakofoic glackl perisrf 
wJien icc coveied large legitpn s in the South cm Hemispheic 

Fc^k fiimi-jih evidence that may be used in tlic iiilerpTCtation of some as¬ 
pects of pakogcograph} altlitJiigh such approaches genmily have been neg¬ 
lected. For oraniple, marine fossils may give some indication of depth of wa¬ 
ter (See Figure IH, p. i25;i and other hydrographic conditio us-—curreuts, 
saliuitT.^, rirrhutciice^ cbnlv, and so forth. FcnirstriaJ vertebrates likewise pro¬ 
vide evidence of llie EnvuDiimciits lliey inhabited. 71ic teeth of Tertiary 
herbivores were adapted to types of planH that surest certahi cliiiiatit and 
topognpphsL conditions, and tlicij litnbN Tcfitct of lik tehited To The ter¬ 
rain in whidt tliey lived. I he reptiles LU^d umphibmns of the Texas Penniajj 
red beds setin to provide good evidence tliat this region was not sucli a bar¬ 
ren anil and desert as is commonly supposed. Finally., muny plants are e.tcoI- 
lent indices tn chmates of the pst 1 see Figure 21 S]. 

Setfirricntofogic Evidence 

Evidence fiirnished b> the sedimenb rarely has beat utilized fuliv in at- 
lEinptcd rcconslTiiCliniiii oF paleogcography. Sahments provide direct in¬ 
formation regarding environmeutsi of depositiotu iiud stnttc conclusions also 
can be drawn coitccriiing ihe location and ikt toppgiaphiL; and climatic 
conditiom oF source area^. Far example, the coarseness end degree of sorting 
of dctrital mriterial are related to tlic dynamics of tmnsportalion. nistinction 
between Bn vial and marine or bcustrine deposits ordinarily can be made. 
Rel.itivc depth of water and distance from ishoie or source are indicated to 
sortie extent (sec Figure 219 ). Calcareous sedrineiits are soincwtiat Icvv re¬ 
vealing but they sijggeri shalltnv depth in addiHcm to generaFy mild tempera^ 
tiire and dear water. 

Tire direction of icdrmentar)^ triinsportatiari is recorded by regional coais- 
Miing and 3111 It structures cross-bed ding, cuircnt ripple marb, and sed^ 
liicnr gmiTi orientation. The Tnincmlogic cliaiactcrs of detrital material re- 
vcol the kinds of rock from which r^cdimtnts were derived and mav aid in llic 
[dcnrificirion of source areas. Also the mincrrils present and Llidr degree of 
altcmljon furnish evidence oonccniuig rapidity of eto^jon and Inampotlatioii 
and may coDtlibll^c to conclusions legardmg lupography and clkrtaLe nf the 
parent terrain. 



Figure 219, S^rtil Chf palvoge^mphic miqm cf Ohht and nfeighbarmg regiafii ih&W- 
cltang^j In ihe rcIbKom of lond nnd isu mid fUm locatun and growtfi af deJtQi. 
The$* r&lafinFii ofC EtlFerfed to hovn axisiad m relorfvbly cla^ly $poc«d Int^JYnU of time 
during th* oorly port of fh# A^^wiiaippcon PonDd. Ihe imerpretoTidni era boied on ^ry 
dohjIM iPmligrophic and KdJfllOAfologk studJot maijify of Auburrfacfr dofo. Th* fhirt 
mi4Tiral& Die Eoo short for poleontologiC comlatjoni lo be lorvkiKiye in tubdivJding thh 
part cif itie itrofpgrDphk bect^on. EAfttr Pepper and orheri, 1954, U,S. GeoL Surv., Prof. 
Paper p\t_ to U U 
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Tectonic Eridence 

.\I[ tijctonic evidence li indirect. It is derived mainly from iutcxpiciatiotis 
based on strati^phic and sedimentoio^ fctriires and leLitiaiis, TIjus tliick- 
ening or thinning of stmtigmphk: iinits cnmranuJy records variitblc dc^cs 
of subsidence. The presence of coaTSe or unweathered detritus suggests rapid 
erosion in nearby areas and, theiefoie, the jirobabJe existence of highlands. 
'Ille occurrence of other types of sediment, the nature and ditcnt of uncon* 
formities. and the progressive structura] developments in successive stmti- 
graptik zones all aid in the iccogDitiou of tectuujc activity, its durmeter, 
distiibution, and relative importance. Tectonic evidence is useful iu puleo- 
geoginphic intcipretatitms iriiunly lirccause it is a general guide to tlie div 
trihntirm of laud and sea and suggests the chaiacter and condition of the 
land. 

Marine Basins 
E^fcontineRtci/ Sciu 

Most palcogcographic rccons tract joiis scch to del ermine the niasirainn 
cilent of epicunriricntal marine submergence at soiut- jjarticidar time in the 
geologic past. Tliev Ingin with the correlation of ntarine strata and the d«- 
[ineatbn of aicav fcnoivn, on the basis of all availublc siTrface and subsurface 
ciidenEC, to be occupied li> beds of some particulur age. 'Ilicse areas repre- 
lent the minbnutn estent of cpicontiiicutril seas a,s they existed during t!ie 
time btcrval selected for investigation Attainable jccuiacy in cofrelatjou 
and the duration ot timt intervals delcrininc tlic limib of gcnenlizatlQii 
yvithm whtch reconstniclion cm he attemptcil. Tile ideal, of emirse, is au in- 
stJiiil Ji] geologic time but in actual practice this can only be apprriached, 

MatJlie areas identified by the known octuntnee of tnariiie jtiatti first are 
eubrged by including adjacent areas wheie strata cjf the proper age are 
believed to ocettr hcncatli the surfatc The assumption seems reason,!bJv cer¬ 
tain that these strata extend throughout contempnranetnisly subsidjug basms 
as these arc oiitlmcd (tn tlit basis of tectonic evidence, then fuithcr cniaige- 
mcnf is made by including areas where strata of tlic proper age arc believed 
to have once occurred but from yy’hicli they liav-e been eroded subsetjucnKv, 
These extensions ore much less certain. Evidence usually considered tat« 
into account the locatioiviof prohabh' tisiug tcctniiic areas and reintiom in¬ 
dicated by the fossils With reipert to probably connected marine basins. 

Contmrtingpalcogcograpluc nxomtiuctiutL!—w'liicii have becii attempted 
rarely if at all—wmild seek to ilctermirK! the minima of cpicoutiiiental sub¬ 
mergence at times of greatest continental elc\ntjon or lowest relative Sea 
level. Evidence most iisdul for this purpose is provided by unconformities 
whose crtetit limits the areas of possible flooding by die sea. In cidicr Ivpe of 
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teconstiurdun liydrogspliic intciprcHtions shouJd be made an the basis of 
evidence provided by the sodimL'nts and fossils. 

Shorelines 

If an dent shorelines can be located, the accurate outiiniiig of cpicotiti- 
ncntal seas constitutes a relatively minor ptablem fsee F*iguit Z^O 1. Com- 
pratively little dec line in the level of strand lines, iiowcver, undoubtedly re¬ 
sulted m the emergence of large areas of shallow sea uhose deposits at once 
bccauic subject to erosion and may have been cennpietely stripped away, 



RflVI* 230. ^filaagaUgTiapliic oftd ilthiilopc map ot parr at nqrliiaastarn Tejtai neof 
lha and ot rtia Juronic Pmlad based an datailad lubtvrtDM nvdiei. lAJiar McKee and 
artierij tPSd, U.S. Geot. Surv., Mbc. Geal. Inwn.. Map M7i, pj, p, fig. 2.} 
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Mio)' i^togists seciQ to have ovedookcd this latliet obvious possibilitj*; the 
cftritiusion has been common that shoiclincs lay not far beyond the present 
outcrops, ^us is clearly shmvn by palcogeogtaphic maps Indjcdting- postu* 
laretj (jcisistcnt isLmd areas at the sites of such stractnres as llic Osarh and 
Na.<ilivjllc domes. 

Certainly otablkhed examples of exteusivc stripping and the migraiioa of 
outcrop zones far fmtti die origranl luiiits of depositioii arc feiv, 'ITje iomier 
existence of Middle Mississippian limestone across the Ozark dome, liow- 
CTOT, is indicated hy the CKturrence of fossil ifeioiM tesidna) diett Lhiotighout 
that arei. An even better example is provided by the ptoeuce of PennKyl- 
vaiuon marine fossils in Uie Mitliigan basiiL fherc are evidence of the 
former mariTt c ccumcction of this area willi one or more of the other nosv 
isolated retiniyIvaiiian basins. TlteTc can he no doubt about the original 
continnily of strata that have hem rcmovec] vrithnut 3 truce from an up- 
arclicd iunteat least iflO miles wide. Similar ur even more extensive dosvTtdip 
ouietpp tuigratiatis of other ages probably occimed at titimcrous other places. 
A few marine obiserved in the Dunkard Croup (Penn.) of sowtJicast- 
em Ohio are separated by nearly IfKK) miles (tom the nearest stiata of sunilin' 
age in Kansas with which they almml certainly were once mnnected. Alsu 
the entile Canadian nhidd may liave beai covered fomierlv by thin .Middle 
Ordovician and \1 iddlc S i 1 rrian strata. 

IjOCsI shallow-water, cross-beddcri, and sandy strata jn domuiantly lime- 
stntie ^cspienccs ou the cast flantf of the Oioirks prnhrtbly iiidicatr temporary 
ncaT’shott dt'pwllmti during parts of hluUlTc Devonian and late .Middle 
Mississippiau time and suggest the nearby occurretiie of a temporary Ozark 
island. Sedimentary structures and lateral lithologic chiiiigcs in beds of other 
ages and at other places may fiuoish hints nf the Harness of other shures. 
Obsctire evidence of this kind, however, rarely has been utilized in connet- 
tiou with paleogcographic mterprctations. Dtinng some geologic epochs 
ihoidines may have shifted wi lapidly, h> far, and so often that the pttems 
tif land ;nid sea WT;n: Hm unstable fnr detailed palcogcographie reconstruct 
tkui. Thh apparently was tme dnring much of the Pennsylvanian Fericid in 
the fntenur of North America, where marine ^vateis ebf^ and flowed re^ 
pcatcdly actoss a zone hundreds of miles wide witliin spans of lime (no brief 
to be distiiiguislied by any change in fossils. 

Oceanic CorriHtcfiotrs 

Ptcsuniptions TCg^rding the pattern* made by epicontinental seas and the 
connections of lhae seas with surttmndiiig iKtams have been powerfullv m- 
fiucnccd In- various tlivTigent concepts iwpcctmg the existence and rclatioiis 
of faimal and Rouil provinces and tectunism. Many of tlwse cuncepti are 
more or lew et^uivocal. Cati.*eqiicntly the infertoce* drawn from them are 
likely tn be highly speculative. 

A* mentioned previously, sinularities or differences in fossils liave guided 
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post uJa Mon of migration Toutesri uml bamcis. Incongidcrations of ttiis tvpe 
eovimnmtntal cxnitrot! are exceedingly iinportaiir btJl tliey iiave cDiiunoidy 
been neglected or niisiiuer|iretcd. For example, MuIdTeSilinLin fossil.^ of iJit 
area eitendiug along the Crtaf Lakei fanner]v wen: believed to rcpicseut 
Itvtj laum^, one of noifhem and the adicr id santhem origin. were 

supposed til have been sqjarated generally hut not coiitiniiDusly by a land 
hatrier- ft is now tnouxi tlut tliesc fossils constitute two elmdy associated 
faunas characteristic of diffeneni euvjronmcnts, the scHiallcd nortbem one 
being adapted to the shallow turbulent water luibitnt of reefs and ihc otber 
to interreef ureas of deeper cjuict water. Correlations ulvj arc of prime im¬ 
portance, and the fossils td aninialf adapted to cUflcrcid tnviTouments liavt 
been iiitcrprclcrd as tdeurifyijjg beds of different JgCA. Slight differences of 
opinion alxnd cflUElatioii^ may lesuJt in dfeimchrically opposed conetusbus 
n^arding the sites of piigin and diieclioris of dispersal of oigaiiisiiis whose 
fosyils arc considered to besigiiificanL 

Epicontinental seas began as emhfiiymcwts of the oceans tliat variously cx- 
paiidcdp connected, and contracted. Many features of iJiar extent arc 
hut evidence of tlicir origins uiid the eommimicatioiu that thLy dev eloped or 
maintaiiicd with the oceans and each other commonly is beking. Tlicise 
paleogciignrphcrs who have siibsertbcd to the existence of borderlands gmer- 
allv vhnalized long narrow^ embayiuents that follinwed geosyneJines and then 
spread laterally across the continent, f o explain faunal relations in stratn of 
rimibr ages, they conceived it necessary to postulate portals or breaks ill tJic 
bordcrlauds for which no .^tratigrajjliic or structural c^’idcncc exists. To otlrcr 
paleogcogTspheix, these pirtals h^ivc seemed tioublesome or dubious. The 
ilifEculiics at least partially disappear, however, if the bnrderlamk ate rt- 
placed by island arcs. One of the must pcnisteiit uncertainties ‘with m^jpect 
to the palcogeographie- form of N\)rth .America concem^i the possible om- 
nection of the interior Paleozoic seas with the Gulf of Mexico nlang the 
collide of the present Mississippi \*aJJey. 

llcconstruction of world paleogcograptiv and ixirticubily the rdatinm of 
the continents and ocean basias have bexn chanjctcrized b> great incon- 
sistency* Actniilly there ven little cvidaict that can be rdkd tipon to guide 
acairate rnterpnrtation. Many bng-ratige correlations arc insecure^ and all 
concliisbtis have been greatly mflnenetd by theoretical crmskkcitinns and 
spccnhtjfitis indnding such doubtiul prwesses as floating of the continentsi, 
wandernig of the poles, and efev^ation or subsidence of great regions that 
now lie beneath the sea. 

Terrextria) Paleogeography 

Attempts to reccnstruct palcogeograpby of the bnd cncoimtcri: diffitnities 
diffeicnt fioiii those arising in connection with cemsidmtion of ^hc sen. 
Land areas are much less clcaxly indicated than areas of the sea. .Most anctenl 
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knd areas arc (1) tia bngcr hi csisteirec because Lhe>^ were dcsttcyed by 
later erosion* [ 2 } buneti more or Itsv deeply by more recent sediments, or 
ni submtTgcd beiie^tli the jTTCScnt 3 cas mid oceajis. TTie most dinxt rc 
iminin^ evidence of them cemsiste of tmconfDTTuiiie?. and deposits of non- 
marine sediments that accinniilated and have t>eea pieserved m terrestrial 
basins. 

Exieni of Laud 

Methods bv which the patteim of iindent seas are teoDnstmeted have 
been eTrpliiiiicd. They emphasiice tJic known md presumed extent of maxiiie 
siibmei^ces and the remamdet is suppo^ to liave been bud. If Uiii 
method wme reveixed and TccomtmttiDtiLS of the extent of known and prt- 
:^umed land were made, thc^ic piohahly would be much smitlJcr* at feast at 
times of Toaxmiiim submcTigeiicc- Tlie cliffciences between thcic two kinds 
of estimates would mdicntc large, very doubtful arcai- Probably oiany recon- 
fitmetions liave considerably ujideieslimated the extent of manne mbmer' 
gcncc. 

Distiibntions of hind fossib* nioslly vcrtebnitCi and plan bp provide siomc 
twidciicc cniiceming the coimeetion or i^obUoi^ of hind arena. Except in 
post-Meso/jok time these fo^rili are significiint than thoae of marine ani^ 
malsp howc^^Tj bccnnsc {1 1 I be lecoEd of land hfe is m uch more incomplete 
and terrestria! fossils are much, less common and much less widely distriV 
ut^dr (2 \ terrestTi^d environments are coniidcrably more varied ib:iu marine, 
and f^) ancient Lmd euvironnjetits aie less well understood and tnoie diffi¬ 
cult fu differentrate and tdeiitif). Teneshtal fmsils are to rare in rocks older 
thati Llie CnriKJtiifcttms iluil thn are praclicjil}^ of nti servire. From Car- 
bondctEJiu tmit onward they Ikxotiic increasingly u^nl us indicators of 
some aspects of envirDnuients bnl they ha’V'ebeeii little cnTplpyed in the re¬ 
construct lun of palengeogiLiphk -relations before the T ertiary epochs. 

'FcTTesfricif fi^nrtns 

Erosion land areas produces scdimeiita most of whicli ev'entuallv are 
delivered t<s Oie sea. Tnmsptrrtatiun is likely to be juterruplcdp however, and 
much sfdimenl find? tcmpjnjiy resting place? upon albivial Mirfaces along 
the way- If differentia] si!ihsideiir.e occirrs, alhiviii) baiiro may develop in 
which causidemhlc qiiantitic? uf sediment accmnuklc uudtr m^iMnaTiiie 
conditicim. SuiJi deposiiiou is most likely to occut in oradiaceut In nplautl 
areas hut the strata may be destroyed by later crus ion stimulated by regional 
elevation tlial commonly chnracteriaes such areas. Consecjneatly non-niarinc 
scdimciitare deposits of tJic bter geologic cpjcbs are more abundant and 
more widely distributed than older ones. TTrey also are better kmiw-n because 
thev arc more likely lu occur at or UGir tlie present surface of the laud. 

Deposits presened m terrestrial basins provide the nnast reliable records of 
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rliectuncteif of .’uicwnC land areas, Tbc slmtJgraphk rctoids of sizniUr areas 
Imve tjcen desttoyed jnd other larger icgiaiu where sediments did tiflt Jc- 
ciinuibtcare mdieated only by gaps in the strjligrapliic record, n»e deposits 
of tencstrial basms. therefore, are unicjiicty raipottant in the reconstmetinn 
t)f terrestrial paJeogtography, 

I'neon/ormitf^s 

UnLtmfonnitiey that resulted from emergence and possible aliendant 
sulviierial erusioti also arc teccttJs of teircstnal ccinddiniis. Mimy dlscoiiftiniih 
ties probably indicate lelatiyeJy In waving and featureless eoiistal areas. Large 
<]cm 11 titles of detritus derived from other regions may luive been swept across 
rlicm srhilc eiiily iiiinar local crosioii was accompli si led, Angnlar llnrori' 
fonnities, tin the olJtci Itand, mar' iTidieate former areas of considerable topo' 
graphic relief but, because tlie balance tmiiiitained behveeii local uplift and 
crosiun rarely can be dctemiined, the aetunl nature of the land surface is 
somewhat doubtful. Unctijiforoiities, thcrefcie, iurdy indicate only tire final 
nature of a bnd surface as it pcisted befoii' htinai by younger sctiiaieiits. hi 
general, the greater the stratigraphic giip occnnriiig a! an HiiCOnfrirniity, tivt 
less can be detcrminetl conceming the nature of the laud surface that it rep¬ 
resents. 

Sedimentary Interpretatifmii 

Conclusions conecrtiing locatiims of the more preiniiiient uplifted areas, 
whore erosion ptvxliTCcd large {juantiLies of scdioieiij in the gcoh.^c past, 
are largely dependent, and inferences cunceming tlie topognipbi ainl cli¬ 
mate are almost entirely dcpeudent> uiroii the charncters of the ^inreiils de¬ 
rived fnmi tficiu. Tlie mure obvious types of cndeiice that are useful in the 
reconstmdion of terrestrial paleogctigtaphic condibtini include lIj areal 
ilistrilmtion of tion-marine bcdiiuentarv rocks, (Z) tlicir gencial lillialogic 
eharaeltr, and lattial variahotis. f 1) tlidt lliitknessci, and (dl gross struc¬ 
tural feafnres of older rocka. Moreobseirre evidence is provide by 11 1 minor 
itmcturcs radicating direction of rediment transporfathm, ((u sire and sort¬ 
ing of sediniciitarr' part ides, and t?) mineralogy'. Perv pslcogcngraphic iti- 
tcrprctafioiis have utilized all tlic evidence of this kind that is fairly readily 
3VailublCr 

Upland areas that pKHluced hrgc quaiitiries of sediment obviously could 
not liave been located where dqrcaitiou was iu progress. Many such regions 
suffered important stroctllral distiirbanccs associated w'ifh their elevatJnn, 
Therefore, areas whose oldia rocks are sliuctnmlly couipjes are more pminis- 
itig source sites than areas of nearly hori/onfal strata. 

Tire direction of sediment transportation leads away ftom srnirct areas and 
this, if It can be dcteriniiied suggests the quarter iu which tire sources lay 
(sec Fignic B/, p. Evidence may be provided by crassrbedding, cor- 
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rent ripple marliSj tniCiitiitioti of ^edimenbaiy particles, pttigiusrfve decrease 
in coarseness of material, better sorting, and perhaps decreasing thickness, 
althniigh the last is by no means certain. Most es'idence of these Icintls, httw- 
cver. actually indicates only the direcliou of depositing currents. Because 
franspttrtation was not iiecissarlly direct, it is not idtahlc in detail and may 
he inconsistent, 

TIic mfncralogie ehancters of sediments suggest more pt less dearly the 
types of parent toefc that were stihiecl to erosion, and corresponding sonrtes 
can be sought. Certain ireculiarities, particuiaily in the heasy mmcral frac¬ 
tion, may point to some restricted source. Mineralogy, in the case of fiist- 
C}'clc sediments, also provides much iiifoimatioii concerning the type and 
rapidity of wcallimtig and erosion and Lltcreby gives some indjcatimi of the 
topography and climate in source areas. 

In g^cral, terrestrial sediments provide nioje tdiablc infonnatioii regard¬ 
ing the locations of and conditinns in source areas tluin do marine sediments. 
Terrcstiinl scdimtitts are more likely to have been transported directly and 
deposited closer to their sources. They also are less likely to have been mixed 
or subjected to prolonged reworking that would have altered the onginal 
duiracter.>i of the sediment significantly. 

Foundered Lend 

The jcdinientaiy record provides ample evidence that tnovemenh of 
elevation and dqjTessiDn have been in almost constant opemtiun and havii 
repeatedly altered tire topographic aspects of the continents. The mcichB- 
nism responsible for these movcrrumts is {{nite unknown. Opinions regarding 
its nature and action in the gtobgic past have diffenxi widely, .Some of the 
most important disagitemcnts Iiavc been concerned with the peiiodicity of 
tnovements and the pcimautnccnf !he continents. 

Most geolwguts agree that the sttatigrapliic record in North Ariirtiea fur- 
nislies no t-vidtmec Ihal airy part of LJiiv gitat rogiui) ever was subnjerged to 
depths cermpatablc to lluwc now prevailing in the suitoimding otCims. Must 
strata and tlieh fossils are accepted as indication of shatlnw- seas whose bot¬ 
toms rarely by uiutfi helEHV the limit of light pcnctialioii althmigh the geo- 
ssTsclines and some of the more important basins may at times have been 
occupied by deeper water. 'Ihe deeptst submergence that seems to be rea¬ 
sonably well substantiated appears to have occurred in the Permiau baiin of 
west Texas, where the sunomiding reefe arc believed to liarr riieu alxiul 
2000 feet above the ncarb; holtom. Some European genfoglsts, however, 
have concluded that partioiis of the Mesoauic: SC3,S of the present Alpine re¬ 
gion may hare been ranch deeper. 

If it is hue that regions roughly corresponding to the present cnritments 
have stood consiststly higher than the ocean basins since long before the 
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hcgmning of tlie Paleozoic Era, tlie possibility’ of unpoitant condnenta! en¬ 
largement bv marginal accretion dfuring that time seems to be tuled out. 
lliis, lioMcver, does not cltininjte the posstbiliLy Uwt maigunLl pottioiis of 
the coutinciits ot oLlier regions that once stood higli may have simk deeply 
beueatlt the sea. Nct'cithcless, seismic iaterpietatioiu of density distribution 
ill kym of the earth's emst beneath the oceans generally ate ccmsideied to 
be opposed to tlic btter possibility. 

Uncertainties le^rding the locatjon and cfaaiacter of cotitinental mai j gtnii 
in pst ages introduce serious problems in plcogeogrjphic reconstruction. 
Interpretations are certain to differ greatly dq^ending upon the view's iliaj 
ate accepted regarding such lectoiiic fcatutts as boiderLinds and island are$, 
Tlie possibility aha miist he entertained that mtoare basins such as tliosc of 
the East and West Indies w ere fonncrlv elevated and constituted parts of the 
continental leginru. 

The evidence is leasotubly good that at least some portions of both the 
eastern and western coasts of North America have sunk deepiv liciicatL the 
aea since Meoznic times. Tlius tlic area of this continent, as it commonlv is 
measured to the edge of tlie continental shelf, has lieeti rcthiciid by tliis 
amount and there is no m'idence tliat the loss has been compensate by 
companthlc clevntinn and addttiom along other contitiental maigtns, OthcT 
portions of the world si^cst somewhat similai relatjons. The contiueuts, 
mduding their shallowly inhmcrgpd portions, pexliaps were larger in the past 
than they are now. If foundering of other important portions of fomter con* 
tinental regions lias occurred, the most likclv areas appear to be the tiayms 
enclosed h>' modem island arcs and the basiu now occupied bv tlie .Mcditer- 
lau^ii Sea. Much more extensive foiindjeiitig has been postulated by sonic 
thenretical geolc^sk. 

Pateo9eographic Mofos 

Tlie foregoing discuss ion indicates rather dearly tliat paleogcographic re¬ 
construction is beset at present by many difhntlties and much uncertainty. 
Tins also is apparent when similai juilcogcograpliic maps made br' different 
persons, or by the same person at diffettnt times, ate compared f see Figures 
ZZ1 ami 12Z). Certain broad likcnerscs may be noticed hut in many cases 
these arc overslmdowcd by gmat differences in detail. Striking lack of cor- 
Etspoiidence is not uncomniou. It has led sonic critics to conclude that these 
maps are not warth the paper they arc printed on. 

Each palengengrxiphic map actually is 3 generalized presentation of 
geographic relations as they are supposed to have existed within the time 
span of some restricted Stratigraphic sequence that is believed to lie cqniva¬ 
lent throughout an extensive area, Tlie strata and the intervals of Unic that 
h.ivehe(m considered and treated as uiiits in this wav liavc varied greatly, bi 



72^. Fauf palffoijficigraphk irv^p^ t«pri]scintJng NoftK AmfriEto during Middi# 
O^dorvicbn timB Thesn ikluilral^ cleariy diH*fen£»i 4il LnterpretDllPii ba&Bd upon * 5 ^ 
icnl'lollr identknl data rtiot ore poiailile, TTie liitT fb:ria mapi occard wiih itia farinartSy 
widely h»ld ccniiflnrrtaE borderland tliBQfv^ The Uil h conciructed lo t<>iifarm to the (ef' 
lerEy popular Idond orC tbeor^r. mode a dbtirictkin botwEan opkorifirtental w9« 

ond ocwn bniifll. Tn* TwmiiFn indlcored gepiynclmei. tAfPor WlHii (Middle Ordovklon?. 

J. GioP., vol, I7p p. 254;. Sdiudiart Loweit T/enlont, I9^l0j loll Goof $o<. Aimrp 
vol. 2 Q 4 p. pL 54; Grabau fTronlnnip ^ peofogy, vol, 2 , P 27Sr 

109t3^ fay perTflliiipn ot D. C. Heolh ond Co.j -nncf H. atid G TormiBr rMiddls' Onto¥itaEin.V 
1952, Kjjtojfi ^eo/oflppii* dd h biOPphiire, p. 382, niop by permhuion oi Masson et 
C.B,} 
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Uic most diilmatc paJcogeogfaphit studies, a inmminm of afwut 3 to a irmsF 
mum of mOTC than 10 million j ears is rtpr^entc<l by a shi^k' map. Tltc pos¬ 
sibility of attaining much grtatct (cfincmeiiJ: ivith any rt^sofuble Jcgr^c of 
accamcy throughout large rcgimis 


ts 


ver\’ doubtful, □tbcr utH- 
pa]eog<h 3 grHphic 
_ LULu.li inort; genCTriliEed- 
In addition to uiutvoicbblc 
genera! izations^ pi ec^eogin phic 
maps possess other defects and 
disadvantages that should be 
clearly rccognuted. TIil- thief of 
these i\ tkit the source :md re- 
liibiljty of data uied in their con- 
stiuetion taimot be ii]dic:ated 
adequutdy except ui ekborate 
espLinatTons whidi^ c^tn if the} 
wert pjcseuted. h^ouIcI he con- 
silt ted and cvaliL^tcd bv fen 
viewers of the Thus L!ic 

merits or slioitcrjnungj af j pale^ 
ogeogrjpliic [ii:ip arc a}fnD!tt im 
pussihle to asicss Ou tiie whole^ 
these uup luiv^ ^rr appearance of 
defiiiitcnc^ and prccision llint is 
quite Tinsitading fsee Figure 
223) K Only a person who has at¬ 
tempted to maLc them can ledorc 
fulli lo \vhat a grcnl estenl Uic 
featmes they show are coufcctuml 
falhei \hm pTescntatiojis of rc;i- 
i^uiiibly well-cslablisfied facl^ 

It slunild be obvious to anyone 

that the qfiantity as wdl as the quality of stTaligrjpIjic inforTuation is itn- 
fMjrtanl in pafcogcograpliic rcccuisiructioL] For esanqile, in many pits af 
the Uiiiteil Siajres the zones m i,vfiicii FcxnmtiiMis uutemp ^rc Lutn\-n with 
gTftit accuracy, and abundant ^^c!l rccorils provide iinich iita on subsurface 
^tratigraplik: vcmditioiLi and dblributicjns. In eontrast, many outcrop details 
are jjuiiblful in rt la lively inaeccs^ildc or undevelnpd regions, such as arctic 
Cnuiida and and targe parts of Xfexico and Central America, and no 

subsurface data nre available. Consequcntlyv even if toirebtionj and utlier 
interpretations are correct, palcogeographic maps are much more reliable irj 
some areoj than in others. Some ev aluation of the degree of rdiabihty can be 


RguFB PdlH^eogrtrphk map of North 

Arnsrica i^urtng Mrddle Ordovilcnn timn (towEr 
EjntJ twiddle T^Snlon}, ’OiFi wui ScKuchi^ttK Icte^i 
irulsrpi^tHfmn, puh^died penrhuinou^ry. Com¬ 
pere it th* ytrTctr ond Schycliarl inniop pf 
Figure 221. tAfiEf SchiJchBJt, 1955, Atht af 
pa/BpgEagrqphic maps of North pj. 

15. by permitt^n at John WilEy qnd SoniJ 
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ir^de if the aTi^s of actuaJ oulcrup are shown and the presumed subsurface cat- 
tension of the strata tmdei consideration is indicated sepaiately on the maps. 

The ronclusion h not inireasonabie that the value of paleogeopfrapljic 
maps is rather small because theii oonstmetion involves too much guess- 
wQik and the) are ba&ed aii too scanty data tliat are im liidy to have been 



figufe 223. P<a!i»gea^raphk mup pf ilia UniW StCiItt Cmd Coftodo dwril^g «»dy 
MiddI* OrdotSckin time [mm\f Ch^izyiinL The lepcigraphk olthavgK highly 

Emaginolive^ add grealty Id ihi paSea^eegrqphic m Eerp rttaliofi. Sbo^n [n 
^onc«ntrk order ate HI augHKrndb« with vokanic iibndi^ dU zonfl* 

lapping upofl Ezintmental borden. Ol tlrny cwiIqI plain candling cf Aifiergant vMvly 
Ord£niC>firt IdJ landy plemi undedam by Csmbfion »edFmanti, and t5? thp 

PiDCambruf) shield. The boM h pe iJnspasltic. and ihe mpp if drawn Pu>l laterariy la 
EiMTiperiHlte lof taler ihraiJ faulting. (After Kiiy^ ^9ST* Geo^. S«. Amot.^ Mem. 4B, p. 1, 
ptn 1^1 

mtsinterpreted. This tmdfmbtcdly is true if the maps are accepted at Oidi 
lace ralue. If, hchvever, iie present limitatioos of pskogeograpiiic recou- 
struction are undetstootl clearly, these maps serve a vety useful purpose, 
Stratignipliic. paleontologic, and structural features are varied and cotnplec. 
So much scallcred mfonualiOQ requires consideTarioD that no siugir person 
can hope to keep it all in mind. By pesent ing as much of thu mfbrinsticm as 
possible on a map, a rertain type of o^onizatinn is attained, spatial idations 
aie indicated, and there is less likelihood that significant mfonnatJon will be 
ovEzlooked. In spite of the rtX'Ognizcd inadequacy of the lufonnatitm and 
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iJic lujccrtaint}' nf ito interpretation, a pa]«]|gcogTflpki£ uiup ptoWdes ^ome 
indication of conditions as thty existed at 3 dcBnite sUgt in the g^bgic 
t\-Qltiticin of a region. The map should be recognized iiS being onfj- one of 
several possible interpretations, and alternatives can be visualized readily by 
anyone %’ho is reasonably well acquauitcd with liie regional geology and 



Figure 22^ FaE^ogec^ifiphlc mop of fh« WlEtinwF boiin fcgian efuring 
dspofillcHi of Iho FJper 6 nfoliaraphic unit Our.). Tho rocofiiinKiiqn of ourr*fiti 
in ifie reiiricftd tpfcarMlntJitpl ihq p ba&ad mmnh on lha ^klnbufloFt of Wmf 
adimarrtt, which ana iilTnrprviad ns kd^ntif^^ng ofMri of worrnqr WOier. [After 
Faienon, 1957, fluff. Am, Axide. GwL ^^el. iS, p, 423. fig. t2.3 

paleontology of the qjoch repieseuted. CoiL‘^idcrratioii& of this kind direct at¬ 
tention to critical areas where atlditbnal ittformation would be particularlv 
valuable, to Ihe special type of iiifonnatioii that wtiuld be most usdful, and 
to n^ded rees^aluatinm of existing information. Thm^ in a each 

niap h a guidepoit pointing tow-ard a detited objedive and, if the suggeiitcd 
hiVffitigatioits are pursued^ pmgTasi^xly more ^tisfactoTy and reliafalc palco- 
geogiaphic maps will be made po.ssibio. 

Most paffflogeographers have been so preoccupied with considering the res- 
lations of land and sea that tlicir maps show little eke. The possibilities and 
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apportfmilieu for fiiiiiier rccfflistmctitiiis sltould nol be overlooked, 
have to d(i wiili depth md tmEiire of the s^ea bottom, diiectipi) of ocelli cur- 
vci}\\ I'see Figure 224 J. hdght of tidest topogiapby of the land (sec Fig' 
uve Z25)p including location of tnomitaiji^ ami cstlict uplifted and 

sXJiiTses of the rivers, site^j of volcanic action, and all the factors that comb me 



Flgufe 235. Palee^aegfopbK imip of ttie Unilfd efurhg the earEy pan of 

JurosiK fime (IcfTfir hdEf of CotbYian limtf). {n addition la the Uiual ^horeNnei thH mop 
iKo>«n an area nanrmnfine depaihiofip Ihe aceutrwici af vofeonk iilondi, ond noTotkjfti 
rwgafdfn^ lopagfophf of sh* Iqttd baiod timinly open hlitOry and fh= amount* 

olid kjnd* of f^dimenii derived from them, I After hmloy, U.S. Geol- Swfv., MUc- 

Gtiol. |nv£*i„ Mop M75, pj. 8, fig. 5.i 

to dctcmimc chmaie (soc Figure 2iS, p 577), TIiCse ate : 3 l| features iif 
geo^iiphy that shcnjld, if possible^ be represented nii paleogeograpliie uiaps. 
Coiiclusimis <kawu Ftom stmtigTapluc and paJcantalf?gie data mosily are ver) 
indiitct und al pre^eriL mote or less uncertain, but with prt>pcr j.tteiil'ifm 
something can be learned al^ouS many palei3ge<3gTnpiii£: ftatuics. Any ad- 
vuiiecs made tti lliii diicetioii isill add importantly to mider^itandnig, and £JJ 
in some si|;niiicant detuTh r^f geologic lilstorr. 

Some of the mgncncsB of pakogeograpliic m3p!>, inherent in tlicn gener¬ 
alized natuie, also amUi Ix' dissipated if c-acli cjxsch chosen fur intcirpreradon 
were teprtsented by wo One ^ould slimv lIjc masimum tstenl of 

marnie submergence and the other w^uld indicik' the niiiiiinuiii, Betw tmi 
them* these maps would pirw ick a much better picttuc of actual gengraphic 
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relations even if advances anti retreats of the epicontinental seas were not 
syndimuous cver^-where and neither map piesentetl ihe instantaneous snap¬ 
shot that is deslied. 


TECTONIC DEVELOPMENT 

1 cctoiiic flctitm generally haji been slight^ in connection with paleo^eog- 
rapin', probably because the primaiy- objectivie was to prepare maps showing 
ttinilifions as they existed at selected instants in the geologic past and move- 
ment was considered unimportant. Obviously conditions changed, but the 
changes commonly were viewed mainfs' as alterations in the patterns of land 
and sea. CeossTClines have recieved attention because they were believed to 
provide tiic pimary seaways where auhmcigcuce of tire continents ht^n. 
Some consideration also has been given to adjacent uplands that produced 
iJie Ihicl; sediments deposited in tJit geosynclinest. Connections bctivecn 
epicoiitinental embayments and connections between these embayments 
and the oceans, howxs'er, mostly Imve been located without regard to stme- 
tmie of the rocks. Some of the postulated coiiiiections cut directly across wtH- 
cstablishcd stnictuial tiendiiatK] probably are misinterpreted. 

The most accurate paleogeographic maps at bat arc no more Lluui static 
records of past conditiuns, Tlicy fail to iudicate the dynamic relatiom of the 
features they show. The developmeut and the inipoTtanct nf these features 
cannot be understood unless they are considered in relation to tectonic ac- 
th'ity lliat was in more or less constant operation and accounts for most of 
the changes in the surface appearance of the earth tbroughout all geologic 
time. 

Tectortjc EvicfeTioe 

Much of the evidence tliat is useful in deciphering tectonic lustoiy and 
develop nieut is the same as lliat employed in the iccoiistniction of paleo- 
gcography. It is mainly stratigraplik and is derived from knowledge of the 
distributian and cluiiacleis of sediments, nafca on thicknesses of stratigniplnc 
units, however, are rinich more significant than in palcogcogiaphv, but pa- 
leontologic tela tin tis are less noteworthy. Stnictuial features including dy¬ 
namic nietarnorphism arirl igntoui actis rt\ also are important. Such evidence 
reveals the relative stiibility of differEnt areas, indicates whelhei they were 
depressed or elevated,and g^iugcs the inavemeiits that affected them. 

Variations ut the thickness of equivalent strata arc only an appioxiraate 
measme of the amount of subsidence because .sedimentation probablv did 
not begin uyicm a iKifectly hoiizontal suiloce and probably did not lira in- 
tain a horizont-jJ upper surface of deposition, Coinpacticlu was nnt uiufomi; 
finc-gmuEd rocks like slialcs rcpiesent greater original thicknesses than 
coarser ernes like sandstones. Tliac discrepancici, tinwever, hcconie lew rm- 
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portant biger anai and 1 bicker stratigraphic sectiuiu are considCF^. Sub¬ 
sidence iti basins genenUJy vaiicd from time tc» time* It may Iiave been in- 
tcmipletl by upbft thol resulted in emsion Tbickness nf strata cloei not re¬ 
cord le^'crsals of thi5 kind but indicates only the total rebtiin't movement that 
occuiicd diifiiig a particular iiitenal of time, 

Stmctuml Lretids arc rcve^letl by thickening and thmiiing of stralii. and 
iscpach maps are mefiil ni tlieit tecognition. If isupacb data show marked 
dcingation of the bauins, nearby uplifted areas piob^ibly were iorntwhat 
simiiaily shaped and rangbly paalld. The occumaicc of very cnace and 
thick deJrita} sedimenU is indication of clocidy adfacent tiptaiid^ that were 
being eroded rapidly, 

Estinintcs of uplift arc much less certain. Tlioy can be attempled» haw- 
ever, by cakulaljng the volume of sediment deposited in neaihy basins and 
allocating it to the area that was subject to eiosbiL 

Stnidural relations at imcoufoimitics and paleogeologic maps record the 
rmlhi of tectonic movement^ leaultiiig ermioiL, and iubsequeiit overlapping 
deposition that cmi be dated in tlir gealngiL past Ivce Figure 2 S 9 > p. 635 ). 
Siith data derived from subsurface records art partirtTlaTly vahiable beomse 
relations have Tcnuiincd unchanged and |hq- presence evidence of foimer 
structural Liendi along which subsequent moveineiit may not have oc- 
cimecL A succession of uncruriorTnihes does not necessarily mdicale a cor- 
icspokiding succession of disttirbances, liowever. Tliese may liavt been pro¬ 
duced by intcmiittently acrivc efoiioii during a time of contmumg uplift at a 
nearby area, 

Metumorphism and large igneous ddmshms identify deeply eroded areas 
that must iiavx been gifalJy upilftid. Volcanic activity gcnctahy atxom' 
panied $Lmctuml dhtuibauce but uot netessarily the uplifting of tee tome 
mountains. 

Forif h'e iind 

Tlic study of paleotectonics seeks to recons truer the develDpiicat of all 
geologic structures oceimiTig iu t)ic earth’s crust and to deteiruiue the rcla- 
titmi of the miu'cnitnlr that produced tbcni. I'he deep ocean basins and the 
contiuaital tcgknis arc cotdrasting JttnJchncj^ of die Bki ordcf. but sn little is 
known about the geology of the ocean liasins that aiicntinr^ must he devoted 
almost cKluiivcly to tlie coiilincnts. 

The tectonic avpecis of contitienml rcgifms fer\u to subdivide the bttet 
into areas of three type^r (1 | stable or neutral areas that have fluctuated little 
m elevation. (Z) rising or positive areas, and \ 5 ) subsiding or negative ones. 
Probably die cKcan basins consist of dsrec similaj types of arcajf but diese 
caiinnt be well differcutiflttti because Uiey arc not accessible to detailed 
geologic observation. 

The neutral portions of the corfft[>ent3 itaml or have stood clast to sea 
tevtl for long periods of time. Alternate sliolkiw siihmergtnccj and low 
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cmcfgiwicffl perhaps hare tcsulted from custatii: varjations in sea level, as 
dtiring the Plerstacene glacial and interglacial ages, as miurli as from slight 
changes in absolute elevation. The positire areas K'ete mote or less constantlv 
wam dnwn by enwniii so that thej’ did not necessarily stand high. The nega¬ 
tive areas formed basins in which sediments accumulated. They did not, 
therefore, nctessanly become deeper topographic features. 

Tlic pattern of positive, neutral, and negative areas has noL remained the 
same. At times the inovement itt certain areas has ceased or been reversed. 
Tlic geosynclinal cyTle is an example of scibsidence rh.ingittg to nplift and 
being followeti by relative stabilih. Tin's iOems tn have been r^meteristte of 
certain partiralarly niohile belts. EUewhere such a cycle may not have pro¬ 
gressed to orimplcrton. Subsidence may nnly have slowed down and finally 
stopped. Uplift also may'begin in an area tliat has not passed thibugh a previ¬ 
ous pronounced subsiding stagc- 

Geojc^ic structure of the older rocks has groun conslantly more complex 
because these rocks have been affected by all later tectonic movements. Such 
movcmcjits have continued slowly or they have been repeated in par+icrilar 
areas thnnrghont very long pehiids of rime. The ccrttm of similur move¬ 
ments have gradually shifted latemlly. Tlie ultirrutc causes of these move¬ 
ments and their changes are unknown bnt probaldy most of thern have been 
related to physical processes operating deep within the earth. Surface proc¬ 
esses also have licen important altliough they' mav have produced onlv icc- 
ondaiy results. Thus the diiftiugof surface loads ^ one area was eroded and 
lightened while another was weighted by accumulating sediment probably 
accentuated nmvenients that would not otherwise have proceerled so far or 
for so long a time. 

Mov'emenls of Ltie positive and negative areas of the coiitincnts have deter¬ 
mined and pregressively altered the stnictund framework of great tr^ons. 
Although it is possible that movcmcnl in some areas may have developed 
solely in response to tntcmal forces, probably many arr^ of mtivemcnt owe 
their locatkms and their forms to features of the couHncntiil framework and 
areas rir lumes of weakness related to pnrvious toctanlc mnvemetits and mote 
ancient stnirtural developments and trends. Geologic ^ictute as seen today 
fertds to present t somewhat distorted picturE of tixittmic movements as they 
were in opemtian at any time in the geologie past. So far as can be deter¬ 
mined, most modem n.sing or subsiding areas arc fairly eEtensive aud liave 
budy simple patterns. It seems unlikely that aneient patteens, related to what 
probably was a less ctunpUcated underlying structuial Framework, were more 
camples. They may have been much more simple. 


Pofeotectonre Maps 

The dhtn'hutiDn of rising and jintfng areas has controDed the patterns 
shown by both paleogeogtiiphic and paleotectomc maps. As cqpimouk' pre- 
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sen ted. dieicfrinc, sucli maps may be expected to exhibit certain general sim- 
ilarUries, Mctot palcogeogmplilc maps do little more than emphasize the pre¬ 
sumed positions uf ancient shordities whetens palEolectonie maps indicate 
the amount of subsidence in basms, as measured b> tlie thicknesses of sedi- 
meittar) deposits, and the IncatiDns of mountaiii raugev or ntlief kinds of 
upTandi [ see Figirrc Z26), Theorylically these maps should differ tmpoiiatitly 
bccjiise the former aiin at rqjresenimg conditions ^ they' existed at some 
particular instant m the past w hereas the latter siiow the results of piuccsses 
that esperated during some definite intcrua! of time, CommuDly these differ¬ 
ences are not apparent bcciuse it has been the pmcticc to add paleoteetcraic 
data to generalized palefigcogniptiic maps (see Figiire 83, p. 2^1). 

Stiatigiiiphic coirdfltkm Ls important as a contml of paleotcctonic maps 
because the thickiiesses of strata of ecjuiv;i1ent age must he determined 
throughout extensb-e regions. The stringency^ of this contiol, 1iowt:vcr, is not 
so great as m paleogeographic studies. If a senes of maps is prepared, an 
ettor in one of them resulting from miscoirdatiDii is compensated in the 
next. Abo thicknesses oI strata can be measured or closely estimated whereas 
tlie positinufi of shorelines arc matters of interpretation and are subject to 
much imeertainty. Therefore, so hr as subsiding basins are concerned, pa- 
Icolectonic tuaps generally arc much more objective and rdiabk than are 
pateogcT^tapbic maps. 

EstimatiOfi of the amount of uplift in eroded areas is much less certain. 
Mountains already in existence may have been deeply eroded wiUiout fur¬ 
ther dcvatioii. Rapid uplift may not have been accompanied bv compaiable 
erosion. The existence of lofty manntaiii ch ains today b piool llial eroi^ion 
it many places has not kept pace willi uplift CotL'sequmth the rising por¬ 
tions of any region might not conespond widi eitlicr the most proniitient 
uplands of tlie aieas that were the source of the greatest ipumtities of ^scdi- 
ment. Tlit correct interpretation of sxich nrlationi on paleotectcmic maps is 
\-cri' difficult. 

Tlie accurate location of iishig areas is another problcin. Some evidence as 
to wtiere the mo^t ntiportant of these areas occuned b provided by the dis- 
trffiutioD of coarse sciilittient niid possibly by the structure of older rocks he- 
neith an uriconfomuty. Aldiougb subsidence in basins can lie approximated 
witli contours siniLLu to isopacii<„ data are iiii^iifiiclent for the viniikr rq>r& 
sen tH Hon of uplifted areas. OrrihuriJy iso more precise iiidieahuii of them is 
ffarranled tlian that which cirn be shnwn by hi^ily generalized liachure pat- 
temi. 

Paleotectonic maps, iike paleographic ones, are serioEisty distorted in areas 
of strong folding and particnlarly of ovcrthrastmg, where compression has 
resulted in important honxouial sliottenjng. In order that relations may he 
shown correctly, data should be plotted on a paliuspastic base (see Fig¬ 
ure 223 . p. y90'L 
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Ifluf* 226. ^dvagcDgrirphlc Wap trf ihe *«]«m UiikMd Stale, during The Devodon 
od. In oddirran la ifre uiuol features ritHi mop iFkiw, in a tejy g«narnf tfWf The ihicb 
ol Dewirar, ledinieataTV rocks and dilTtlTSulib*! between epJmgenht and nnogDete 
L Th-W am hnpprtant bom use iKey Indieol* degrees af skibtidcncs and irplllt. The 
tfo! is Hlled "Poleoinclanic Mop,' iAfter Enrdley. \9*9. nuU Am, jUkkl P«fro/euni 
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Al! geologic vtu(iic5. if they Jie undcrfaLcn with mi objective t-Tfpniiin g 
bcvtmd the t'ollection of some particuLu: Isind of .specialized data and its 
cbjsificatino and mtciprctitioii ot the sofutioii of some restricted piobkm. 
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art aimed more or less diiectly iri one or the other of two diiectioiis. These 
art n J practical or economic geolog) in its broadest sense or (2) histoncaJ 
geology. Many stodidi, of course, contiihute to boLli. Practical mtcstigations 
commonly yield lonie bj^-prudueb of sciailiEc interest, and the rtsulb of 
itio^tacademLc: studies sooner or later find some kind of ptacHcal applieatimi. 

M previously e?tplainedp hittOTical geology is the product of the cooidina^ 
riem and s>'ifleiiiatizatioTT of all geologic kiiowkdgt. ft is concetned with the 
nature and orderly rdatiom of all the TTratcriats that make np the earth and 
with all the forces and processes that have controlled its desclopment and 
shaped it as it now exists. The geologic elements that are synthesized in his¬ 
torical geology aie grounded in physics, ohcjnistry^ and biology. Most of 
them arc related in a pieliminary way with nspeef to Ijoth space and time m 
the gmcml field of stmtigniphy. Tlic liistnncal appHcaiions nf many gmlogic 
studies tnay not be appiircrit immediatelyp but tkcic can be no doubt re 
garding the logical progress]an that leads from strittigraphy to histoiicid geqU 

^sy- 

Both stratigraphy and historical gcalt^' are concerned with space and 
time. Stratigraphy deals primarily with rock masses related to these frames, 
and *|Krcc is its considcmtirjn. Many of its elements are objective facts 
ajvd its htifizons are mure cir restricted geogtapUi<^I]y. lu ccmtradp his 
tcrriciil geology is mf^stb' ^‘oncemed whtli conditions^ happen ii^gs. und clumge^ 
and time is of first rmpartance. lb dements are muinly intetpndarions de¬ 
rived from stratigraphy iuid iU horizoits commonly embrace the whole earth. 

Many of the factual detniU tint play vmy hnpottant parts in the devdop- 
ment of krrowlcdgc in subsidiary geologic fields shrink to msignificance In 
costiparison unlh the broad sw^eep of historical geologic iuteresb. For ex¬ 
ample, the man net in u liidi a st raligniplric section is su^ldi^^ded into parts, 
tile ccact thickiKss of a foraiatioit or its vamtions in thidmess, die fcatmtit 
duitscn e to distLit^di it from others including minor stirictnicy, the nature 
of fossil presenatioii^ the phyiicnl cdnliaos at a stmtigtaphic contact, and 
many others arc of small eonaTn, Tliey have served a most useful purpose in 
laying the foundation and in eementing the varied elements upon which 
historical gcolngy is oxeted and the}' now can he ignored. Indeed, liisforical 
geolog)' is so cxpan-iiive tn its outlook tljat it cannot aSord to be coiiccoied 
qrcatlv with details ol this sort_ 

At tljc same time that dctalJs are passfcl over, largier pmbleiiu come m 
vki*'. It becrancs apparent that evplaiiatioru ant needed to aceount for the 
rebtions of geologic features as they* occur in space and of genlogic events xs 
they piogieaed in time, 'fliese KnidEitucnta] problems cannot be attacked 
dirtclly and solutions have been sought tuaiofy within the Ttalm of tiioin'. 
Tliey ateconccraed with highlycomples physical, chraiiral, and mcchanicii] 
relations and roicfions to ever cliangingconditiems that are very little uiidcr> 
stood- Perhaps satisfactory solutiiam to some of these pioblems never wilt be 
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found but tbe jcarch for Hicm ccmtinues. Each problem tliaf is rccogjiized 
suggests new in forma rion that is needed. ^Fbese requirements direct atteiir 
tiflo backward first to stratigraphy^ and then to other stjbdrvisions of geology tu 
a ramifying faslikm. *l1iis ts die proexs? that accounts for mucli of the 
pansion of geologic interests and explains the necessity for znereased spe¬ 
cial izatian in i;estdcted geologic fields. 

Ilistoiicat geoJogy roquirc^ the rntegratiou of aJl geologic nhsei^'aJiaayp nv 
teiprctations, tbcories, and mfciencies. The relations thai are indiciitcd are 
uirniorcius. comple^t, and difficult to grasp in didr entirety. Tlicv t an be 
mstdeTiioait undmtandable hy compikfitm and piesentaUoii In the form of 
maps although scctiom^ dbigrams^ and i^erbal eiicpiatiatium may be needed to 
clarify the detaih. Tlif?s€ maps that are uidispei^sable for this purpose yrc 
(Ij paleogeograpliic showing froth hydrographic and topographic 

features^ fll [ialee^cologic maps, Olustrating in a different way stages in ihc 
geologic evolutioti of the earth, and {3 \ paleotectonic mnpi, shouiiig the 
surfidal lesults of processes operating deep witliin the caitfa s Interior. I’alcp- 
goograpbjc and paTeogeologic maps provide conhtil with respeef to spatial 
relations, and paleotectonic maps senx to connect tliem and iiulkatt icla- 
tions with respect to time- 

TIjc fact that all three kinds of maps rely most heavily tnpon stratigraphic 
data for tlidr coarstnictiOD emphasizes the imponance of strahgraphv to 
geologic science ai a whole. Stratigraphy clearly occupies a central position 
where various t^pes of syntlieris ane accojnpUshed, It also provides a unique 
s'sntagc point from w'hidi attcnikiii cun Ik? directed most advanfageoitiily 
cither ro speciiilj^eri sludles of many tindsi or to the broadest aspects and 
most fundamental problems of geology. 
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Part IV 


APPENDIX 



Die Impnrhtiice of llie graphic ptt^etitatioD of gdolugk infontmtimi aiul tlic 
cmwlucl of gcijlogjc field went extend far bej'tmd stratigraphic studies. The 
compldities of stratigiapljic cLita aud tliciii idjatioi]&^ mate flliislnrUiixi 

3 fnaltcr df more ibun onjinEny interest to strab'grapbeB. NfaMy edyviom advan¬ 
tages art to be gaitftd by llic of abatidaut Egarts td £app]trment descriptions 
if they aic thoughtfriHy dear and simpk. Ingenuity taa despise many Tra)*s to 
present stEHbgiaphic data viiujdly and make diem iradilv tinderst^udablc. 

Slratfgciphy is nnicb more dependent upon field wort than are several otlin' 
iira]or blanches of geology. Field wurk^. tbtneforc, is of pailkubr bnporbnce to 
stratigraphcTS. As in the pa^t, much of the fiiture progress of strat^raphy wiB 
be a dhed pmdnct of ntndies in tlic field. Much futnn: field work is trkdy to 
ttquirc inemnsing skilh sod to invob'c invest%ations in diffienit and nanDte 
regbru wlitre field pitjccdiiits may be the detenu rning factor of success or 
faiiuTC. 
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Graphic Representation 


Tue t:iLu»Eiic presentation of stratigmphic data is CKtreraely useful because 
( 1 ) ibe details of uiaiiy ttmtigraphic fCHturcs and tbeir relotioxis can be ex¬ 
pressed more dearly m vismi] than in verbal Icfitd and ^Z) the interrektiotis 
of aome stratigraphic features can be Jtrvratigatcd most easily by graphic 
metlLods, IlJustrjtbna do nert eliminate the necosity for description because 
no diagram can show moic than a very small part of all the data that lecjuire 
attention. Carefully chosen and executed ^lustrations^ however, can simplify 
descriptions and make them more readily understairdabJe. 

Stratigraphy is concerned with the qualities, forms, structures, distribtr* 
tions^ and idatiDus uf sediments and sediuieutary nxlcs within a thiecili' 
mciukiual frame work. Two of the dinietisions ate the familiar ones of ki^th 
and bieadth^ Tlie third or veiticol dimeusion can be expressed in accordance 
with eithci one or the other of tw'o unrebted scales^ thickness and time. Most 
stratigraphic diagrams are highly selective; and those that are dimensional 
present data with respect to some pcrlicubr athrrbutc of rocks in reference to 
one, fwtj, nr more rarely three dheetions. Some representations combine 
two diagrams, as, for example, an areal geologic and a structumi contour 
map. These may add sn ortra dimension or show other impartani rehitiDus 
that are not revealed by dtticr diagram alone. Further combimtions^ how¬ 
ever^ are hkdy to be confusing because the individual dbgiams become diffi¬ 
cult to differentiate and understand. 

Many stratigraphic diagrams arc more or less pictorial because tbej' present 
dab with reference to (1) locatiou and direcliou in the tw^o-dimcusional 
hormmtiit hamcivork of a map or (2] a vertical scale of thickness or of time 
either with or witliout out horkcmtiiJ dimension. Some cmphiv convention^ 
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alizcd pattt'ms identifying different kiiifk af rocki ^re tsxsily itcogniTcd 
and add to their picroriaJ qnalily Dkgraim of this kind are largely f:jiialita^ 
tive. A grcul: variet> of diagnamir omistaifuEe anotticr class that is predomi¬ 
nantly qiiDQtitative and generally lacks pictonaJ clsaracters. These distinc¬ 
tions 3ie not sharp. Many diagiaiiis (fimbine iomc features of iiie different 
classesr In general^ non-piLtorLaJ diagrams arc simplest, but not necessarily 
tire cLsiest U» imdetstaiid. and eomplcxity increases aj oiie^ two* or tlitec 
spatial disnension^arc represented. 

DlMENStONlESS DIAGRAMS 

Most diincnsionle^s diagramj; are non-pictonaJ. ITjes^ record nuincTical 
data and are parLicnlarJy smiccabk in illustiathig the tcxhnal and stnic- 
tuial cliacacters and toziiposhion of sediments and sedhnenhiTT rocks such 
as ilf q^uatiLiiiiiiVC comparisons, i2i statistical tlistahurionSp {?> rdariom 
of two nr til ret viiriablc factois^, :iiid f + i oiienlatiaii In tW"0 or three dimen¬ 
sions. Thcy^ rarely arc iisicfni in res'caling stiatigiaphic features except in an 
Ludiiect Tnaniier^ Tlicse diagrams are of many different lyptn. 

B^tDiagr^rtm 

Bar diijgnims Consist of bars or lines whose lengths are plotted againift a 
constant scale diowinj^ Ihe iiiimerical valueis of wJnilever pnipcrty b imdcf 
cou!iide ration 'Hie valuefi may be Mmplc mcasineuienbf or counts, percenb 
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227* Wcidifiad bm dingrarn iliowiin9 tn Q gendra^Jzed wof luccflititfs cJrmark 
HyctudtiDrTa In ttki iioOhi#est^rn pari ot ihe SfC[i4s EJurin-g InTs Cratace^'U'* nnd T*0 

tinfy timv lKis4?d an acciitutncv ol fiauH pfant*. TH# iiinii 5 jirTiitive oildition (iF 
joktofial CfEiQElty ^o □ bar iriakci U aftracl-l'^ Ofid mar* rraday wndn^ft'Oi'HiablfL 

tAFwf Dari, 1955 , Geoj. Sac. Amat^ Sp^. Pao#r 62 . p. 5W7, fig. 3.1 



































































































GRAPHIC REPRESENTATION 


ages or mofe jutch &thcr tatius. Tiict are pnrticiiLifly effejcth e in Jhc ccrni- 
parisem of a singk pToperh' Tneamred for diffeiciil tiiiitenaE, at differcnl: 
places or at different times [see Figure 22? i. tramples are dniliug time of 
different strata successively penetrated in a well r winch s?f a direct measure¬ 
ment refiecting hardness U number of foraminifera p resell I in couipamble 
quantities of seiliiiieut samples f wliidi tf a count), and aTfiount of insoluble 
residue in different beds (wliidi geneiaEy is expressed as a petceniage). 

More elaborate bar diagrams sliow data for scvcial relatsM pmiyrtioi sininF 
taneonsJy. In them the bars are divided into segmails or tiinltiplc bars may 
be used, each representing a piapeitj^ dt^fiugnjsbed b} an identifving pjitteni 
[see Figures 128 and 229)^ Segment lengths may he detetniined by measure^ 
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figur* Bcir dl^jgriiTn ihowing fhe liz^ anai/iei of WYtrol 

icdimcfttery lh\% emphoaizei rh* carrrptariuHi of p€OpOt 

ikstii fhon quanllll^ alKhcni^gh aF cDurAe ihe dQlQi ot^ 

l?tatlye cipvd in eoch fff !h«B ^oinplet ihe fractfon» mun Qdd up ta 
TOO pBrctfnf. lAiler Lefloy, T 950 d rrwf^odi, 

p, \9l^ i 1 , by p 4 rinii!iten of thn Colaiodo Scbool of 


ment, count, or im u pereenbEC l>asis. If percentages arc in diluted, these 
may be calcubtcd. as in the case of insoluble residues, on tlic basis of the 
actual amount of cadi cojistituetit. and llie total [engtlL'^ of birs. show the 
same idriHon^ as m a simple diagiam. ui on Uie basis of the pioporticiiis of 
constituent!!^, and eadi bar totals lOD percent and all are of equal length. Dia¬ 
grams of this tipe can show, for exaniplcp the conipisitiom nf ^ueh fbnigs 
as FDckSp fossil faunas, biincs, and so forth to any denred degree of detail. 

Pie Didgrrmw 

Pie ciiagraifis aie circles divided into sectors and are adapted to showing 
Huy rctatiofts tliat can be expressed ns percentages but little clw ( see Figure 
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230}. lljey arc mucti Icii gencrjJly useful timii bar diagiaiw und less suited 
to maldng direct comparisnm between different sets of obscu^tiens atcept 
lelativdy simple ones. They have an advantage over bar dragnuns^ hnwev'en 
if comparisons with respect to relative location are desiied because the)- can 

be placed at propcf positions 
on a nap or other diagram 
ubere angles can be com- 
pared Tnoie accuiatdy than 
lengths of txin fsra Ftgirrcs 
50, p- 139; 82, p. Z42; and 
ni,p. 321). 
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HistogTitm 

A histogram ts a special 
type of bar diagram In wbidi 
the ban show the proportioiir 
ate rebtions or frequency dis¬ 
tribution iri a sample or in a 
set uf obstrmbotis that is sej^ 
arated into a series of classes 
gcncTaflr hearing a regular 
mathmiatical rdation to 
each other (set Figrne 231 )i 
'Fhe classes may be rebted 
arithmetically, geometrically, 
iDganthniJcally. or in some 
other way. The bars are 
scaled regukriy ngsinst a 
common mcasiire, sircli as a 
numerical count or by weight or vohmie, which may be cf^rcssed as a 
percentage. Hie number of possible measures and the variety of class ar¬ 
ia iigemcnts and consequently the number of types of histograms is very 
great. Diagrams of this tmd have been used most ccJinmordy iu geolog)^ 
to illnstiatc the si^ coinju^aijhon of sediments. In this ca^ the classes 
generally arc separated at a series of geometrically deoeasmg gjain skes 
and the bars are scaled against percentuge by weigiiL Many other ap 
plications am possible. For esaniple, thickness of strata might be shown 
by count in a series of aritiuuetjc classes^ enm-bedding might be ^hown 
m classes by angle of dip. or foiiik tiiight be ^hrmn in classes deter¬ 
mined by dirtetinn, Coiiimoiily a ckss idatiotii^hip b cho^ tlmt 
will product a dhtribution pallern resembling a "normal^' distribulirm. 
Related lustogtams identically scaled are very easily compared visually^ and 


329. ftqr dtogrerm lAdluflng iKe chami- 
cqI compcHhion of fi*td fftPirt four jocoJiliei 

in ihE ftwky Thtw doubla ban %hQW 

quanlitum and propoUioni wry Effffclivfliy. CAfter 
CthwIotcIk 1950. -Svbjtilfbc* yaoJiigic p. 

238^ fig. 121, bv ftf tfiE CoiSo^odti &:hDdi 
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£imDdiitic$ or diffc^rCTiDes im readily perceived (see Figi. Z5, pp. S8-89) . 


StarDh^ranii 

A stardiagTTim is a type of histograni in which quanti ties ate shown radiat¬ 
ing from a common centej (see Figure Z3Z), The similar orientation of corn- 
parable bars tnates Lheu identifiejfion m diffcreiU ciiagmuis much ^sier 
than in an ordinary lustograin^ whose bars arc all para lie! to each other. 


Frequency TJistributim^ Curves 

Histograms ate imperfect Tepfcaen- 
tations of frequency distriburions if 
the properties upon which class $cpatit- 
tions arc based aic cootmuously varia¬ 
ble :in{:l ciinnot !>e indicated by a series 
nf dbcontinuout whole numbers. 
Classes of this kind are aIb^^raTy^ A 
different selection would produce 
somewhat different Ixir patterns (see 
Figure 231), Also the step-Uke bars of 
all histo^ms suggest discontinuous 
diitributiou e^'en Lliough this nmy not 
be the case, for example, if ckssihea- 
tinn is based on I he of objec ts^ 
angles, or compa.^ directioQs. 

The same distribution can be lep- 

Fi^urs 230- Dctajled Colui^THCif udbfi 
^llh p\^ ikcwln^ iha p rDptniiorta ai 

koalinitt and Sllll* pffrteni m dJfletenf Ilrnfb 
grophk irembflrL Ths Malai FomioTlOfi ^PennJ 
tonuxh of malrnaf produt^d by the prolonged 
wnHiering o^ a rjKuty land! amo. Jh.9 lowftr 
ntgmbflr* net preKnt h a fefaHvaly Ufl- 

dEiiiirb«d mtdual solL The matarial of ttiv 
mSddl* rTTamb4r h ilmpkir bt^l H wa« tranir- 
pOft^df mor^ Cic li-Lt sorted^ find dwfS^aj-ifadi un^ 
d#r nori-ffnarrn« Eandilloni. Tke upper member 
ii tnaifne^ dioeI tp^Jiiferaus zpnn are indicafied 
by The ihell lymbali, Greaf tncreaiie \n rbe 
lllhe contenl ffl the yppar membef may have 
reiul^edi From al-rernliAn of In a 

inonne enviTfonment Em alio Flguro 1^0, p. 
319L lAftwr Merrill ond Winar, W5B, Byti 
Am, Aim. PmfwUvrn G*al.^ vol. 42, p, ^11^, 
fig, 4CJ 
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resell tt.'d by a curve nio tluit it [lasses <Jn]r>c^b the mid-paint at 

the suniiiiit of each Itac. By clectcastn^ da si in temls and iiH:rca$iug 
the nuTTiber of Iists, tlie curve nu)' lie tiisdc iiiOTC aecunatC. A perfect 
cuiv’e, hwvevcr, csmiot he tonstructed directly Erccn the analysis of a 

ccmtrminin distEjliatinii uo inJiller in what 
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FIguie 231. HtirogranTE zhow^Tig 
the alz& diHrFbulioni ol^ scdirrwnfHTy 
^rcLJTiE isgvflra^ wrmpl^ fmm two 
%cipicii^{^n€ lormaTioni in Cniomdo. 
VukHal campoHion clearhy ikPwi 
choirccl'ErislTc di^BfEncea. i'AIeef is- 
PToy, I ^50j Subjurfa^e 

p. f& 6 . 77 , by permh- 

liofi of ihe Colopad& School of 
Mliin.) 


dt'lail ^hr r:>bsens,ii3cm5 ire rmde. 

Vinny cicrV'O TStiislile iior- 

Tnaf pTobabilil} cur^'tt if the rk-wtidatidiij 
are Fickettd prsp^rlr (see Fi^uc 31+ p. 
86 I. Coiisjctef^LiOQ the krnds of cLasm 
euiploycd aiid tire In-pCi of dL'^iaton from 
llie nDritial citnc jiiiv lead to ihc ffTrmttla- 
lioii of generalujatscms ttr that stxm 

tn cfirittol tile dLsteibubou ui related prdp' 
crtitii. 

CumaLitiv^ DctriSriiiifUT Cun e^ 

A different Vjrfe of ckirve esn he ob- 
bined h\ i:oDi'ci-tui| the nie^iun: cif each 
cliis fu w peiCtTiljj^c of the tntal mmttres, 
addbig tile pcrrcni: 4 ige$ cnnseaitrH.'ely* and 
ptouting cacli tsTal abovt tin: tnd point of 
the bst clavs |xrcerifc[tge has been 

added (f^ce Fiptics l\ p 86 * and 211 . p, 
61dj, The curv^^ through thc^e 

points genera 111 . k SdnpCct. IHs rektiwly 
acenmte even liiatj^h 3 bnte mimhct of 
clnssts L 5 not lUtiEigtiiilicd, Certain values 
iLseful ftJE ticiiJ c.x>iripir£son can he 
I tad diiectly fH>iii !.i 3 cb a aine. ;\lso 
era! curves pUntCi'i! fan the uiur graph can 
hetfjinpami vjuTall? rTit>te casdy djau aim- 
ilarly pintted ardinaTy dLStnhiiHoij curres. 

l ike histogmiis, ciiiniilativc curves can 
he plotted againa varktv of horizontal 
scales wliit h li4!t iicriite tlicir shapes, 

I hc most JEmp^rbiiit value ixad fioni 
oniLUEhitive cone^ is tlic so-called mean or 
wlikriipi Tiiarktd by rhepoint wIietc 
,1 mme tmssca the? Ill percerifengc ctHrrdi- 


uate II should br tpUtl that tliii vulnc b 
not a true ivciagc nnlm the mea:!^uiirs ate tiUTwiimlcociTits. In the case nf 
sedimentary aniiJyscs.^ fnr example, this mean indicratci a gram >ize so located 
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that hilf of the bulk sediment coimsts of larger gmiiis and IjaTf of umalleT 
ones, Tlie number of smnIkT grains ii, of ojiirse, mueli greater than the iimu- 
ber of larger uncs and the artual average grain ske b mud\ smalleT than this 
value. 

T u-YhCoojndif idfe Diugrijnijf 

The relations rrf two sTiriables^ either countSp measuiemeiits, or ratioSp can 
be indicated as points located with reference to fwo coordinates. Values of 
the variables do not have tu be expressed in the same units, and ^ great vari¬ 
ety of coordinate scales can be cmploved in any cou\emcnl combination^ 
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FT^ufE Star diogrem* ihaiwlfig ibe rtfl&flTti aburfdainiin aF tevar^l 

K«^ mincrali In Upp^r Cmtt^auB sandflnr^ni of Colpj-ada 

fAHef G«ldil«iii> /. Sv^rmortr, FaffoL toi 20 , p. B9, fig, 3 ,] 

Coasequently thtse diagram> are irf manv t)pcs. They provide means of in- 
vestigatmg the possible tcktkmships of any parr of mcasirrabk properties of 
sediments or rnch. Fur csuniples w:e F^ures H, p. 62, and IIS,, p. Ml. 

A senes of points representing simitai' measurements plotted witli referemx 
to the same cO<irdiiiat<^ priidiices a. scdlter Jiiigr<mi that can be anal^^ed sta- 
ti5ticallj\ Close grmiping shows cJoic relationship. Points .scatterfd aluug ^ 
trend outline a mean curve mdicsting general progressive relahonsfiips. ]f 
scattering is not ton greats i curve of fhiv h'pe pennits prcdirHon (i« Fig- 
tue 112, p. 297). 

Severn I different senqs of simikr measirremcnts con be plotted on the 
saine diagram and easily compared, They ii>ay reveal siguzhcaiit siniibrities 
nr difeicnees as shm™ ip Figure IH. p. 299. 

T riartgiJirr Dkgriirn.v 

Triangular diagmiti.^ are prtkukTly adjptcd to showing rclutious in three 
compoiiciit s}stems. 7"hc^ liave sened c^^tensriirly in the arbitrari' cbsrifica- 
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Flours 233. HrifO^rom^ 

CUTVE^ BTid £UmdirlTV« curv* of iJm dktflbu^ 
rkrv III ti istdlittefli, Tho ifirfle 

upp«r gfcFphi ihow how lh« i«lKllor> of 
cki» Imsr^aU my ofbcT the proN 

vuM by dfogrorrii of ifi'n kmd^ 


tion Df sediments and ^nd 

they also aie nscful for ^me other 
purposes fsee Figure 234). 

The three couiponeuts or proper¬ 
ties that are cowparet! must be of 
similar hyie and he meastircd tii tlie 
same units. For purposes of sedi- 
tncntaiy class ilicatioTip they in us* 
predominate to such an cistcnt that 
other similar componenh arc reb* 
lively iinimportant but if compari' 
son only is die objective, this is not 
tiecssar}'. Meas tries of the tJiree 
CQinponeuts are added^ converted lo 
perccJiLrges, and plowed as points 
A^thio the triangle according to the 
ihreC’COniponcut grid. A series of 
points rq^re^enting sinrliai: nieasurc- 
ments prodtiow a scatter diagnimr 
anti close grouping demonstrates 
close relationship. Diffeienl scatter 
diagrams of diis type can be com¬ 
pared vhually and signiheant simi- 
lari lies or dfSerenoes are dearly ap' 
parent (sec Figure 55, p. 164)^ 
Tiiatigular diagrams are rarely used 
for statistical eomparisons although 
such use IS possible, 

ActuaDy a triangular diagram 
nothing that is not equally 
evident in a plot of the same data 
on a two-coo^inate grid becaiisc, if 
any ttvn percentages am determined^ 
the third is thereby fited, as showri 
ia Figure ZJS, Triangular diagrams 


Figur* 23 ^ ^ TrFangyjar dTugrami ibowiTlg wnys In wKkIl mc£y Iw 

doui^Hi wilt r^Lpflct fo ifie rdiEiliYe pinauiiti af ionid'f dll, Opld clay, t^nnamaroblfe Ollier 
dBidfrCoitOfli olio ore paSMbfe the dreol |Krt1Wm ihaWFI by anjf ttdirrrtfTlI Of focafti map 
win b« dftlermlnEd by ihe dasiificxTl»n ihot h oddpicdv Hi* clciti^fkat^fl thcwn oi lb* 
taw*f righl wgi wud m tbe ituily of aiDntHrn Gulf af MaHiCO tedimsntl ipomored by 
til* Afli^ican Peirnkirm InUftuf*. Thn dfffin fmm lb* iNandord iubdkiiion of lb* 

rn&ngle odvocstid by otfiEn be* FIsur* SQ2, p, 530). tAlil*r StiepardH 1 J. Sedimejsf. 
Pmtpai^ vat 24j pp. 157^157^. Rgi. 1 to 7A 
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6 i 2 STlLVnGRAPHJC PRINCIPLES AND FRACnCE 


UH SO* 0* Oif Z3« 

COMPOMEMT 3 COMPONENT 2 

Figurs 235. Qiagranr to ^Ow riwt ihe ploning of pfioportinnotH da^a frt B lhr*»-CQJn- 
portMit tmmglfl h nPl mwntSotli^ diffstlffnl Uom ihelf pblflng |fi s IwO-cwinfEnDtt redanglo. 
rt two erf Ihe pBrcertlaga Va.lu« Oifu dotstrnlhod, ihe ihitd a fijEsd and con b« tgnofod. 


seem tu be prefeiTed, howeviETp bcou!< tfjiiiktcnil trvitpgte possess ^ plcas- 
iiig symmetry llmt u, lacking in right tn'smgks. There ii cveti lew lea^on to 
choose a iriaiigidar dtagiam hir pliJMing two dhliough thU Ims been 

done (see Figure 256|- 

Sediment;! ^4 $ediTiicn£aJT rocLs generjjUy ^re fiuch complesL mbetures of 
consHtnents ttiiit ^ tliree-coniponent system Ls not adequate to distinguish ii11 
ot their rniportant variations. A four-compoiieiit system can be based on a 


NOftf-D^tniTAl^ 


sano-shalE ratio 


SAMD-SHALE RATiO 
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ip dfftrlfaJ pjkI gand-iholv mtiH ii ncl HS5«!ntrnlif nf from ih* lubd^flop of O tiwfl- 

caordinotE rachingl*. 




























CRAPITTC REPRESENTATION 6i 5 

tcfrahedron (see Eiguie 20 ?, p. ??1 hut corresponduig dliigraiti h diffi- 
cdi to eonstnidt and idatTOtis arc nnt so cJeaTly indicated. 

REPRESENTATIONS IN ONE DIMENSION 

A hniited iiiimbcr of diScrCiU kind$ diagrams show stcatignjpliic rcla- 
tiom in otic dimen^iioii, lUe vinticjl, VihkL cyii be scaled eithet as a linear 
liieasnit of thickness or oi depth or in an inoract appraxiimtiun of rektive 
time. 

Crdumn^r rts 

A coluiiiLiai sect ion gene tally h a pictOTial representation of 3 succession 
of strata whose lithoJogic ctiansctcis arc indicated by convctitionalizetl pat- 
tenis. All ealuititiar scetioni are fiiradamcntaHv similiit and all are ploii^ 
against nieas tired or estimated thiclneis. They differ cliicfiy in the scale at 
w hich they are draw n and the details they sh™. 

Tliree lyiK^ of columnar scctiom can be Tecognized: () } outtTUp sections, 
(Z) htliologic wefl logs, and ( ?) composite sectEOUi. Oiitencip sections show 
ID more or less detail the actual succession of struk obsewud at an outcrop, 
til then simplest form, lithologic patterns are enclosed between pamllcl 
rerticaJ hues (sec t-’igure 187* p. 497j_ One of these lines* bowevet, may be 
draw'll nrcgiildrly so that the mote resistant strata are made to p:f>[cet beyond 
the weaker and thm ^ pRjfilc stimcw hat similar to that which occurs at 
an outcrop h suggc^tcrl as sliuwn m Figure Z?0, p. 607. Coinmonh any dip 
at die outcrop ts ignored and the strata are drawn hotimritally although a 
section may be shown inclined as it actually ocenrs. 

Well logs generally arc represented by narroiv columns between straight 
verhcal lines, inay leproduce a driller's log. be based on studies of well 
cnttingA or cores* or be interpretatioiis of dectric logs (see Figure 240, p. 
617], Graphic well logs should Ix^ accoiniTanied by notations rcgaidnig the 
kind of data iiport whieli thw are l>ased tecau.se different types of logs vary 
considerably in tlieir accuracy and details. Most well fogs are based rm sam¬ 
ples collected at more OT less regnbr iutcrt'^ak that c^mc from several differ¬ 
ent strata and consccjucntly Hie logj^i are somewhat generalized. Some drill¬ 
er's logs arc misleading becaosc cHflerciit kinds of tckV were not caiefulty 
identified. 

Compoiiite columns are based on data drawn from various ftoiirces. Tliey 
may record observations made at SCi^cral to many outaop^, the logs of wdls, 
or batli (see Figure 2J7). Man^ columns of this type arc generalize sections 
intended to represrat the stratigraphic succession of an area or an titended 
region. In them* details that vary from place to place arc ignored and at best 
an effmt is itiade to show^ only the most cbamctcristic features of toraiatious 
or oHiet sttarigtaphic units. Because Hikkiiesse^ v-ary somewhat al dilleient 
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25 FT* 


Cf*. 


^T, fWVI0 




aREi:HiusH 


^^AHonNc: 


plijc€s, a^-ierage tUictnesses aic m- 

dicatetl (see Figure 238 ]. 

A vaiiety of sjTulsob or abbreviations may 
bQ <tseii in addition to litlxoli^k patterns to 
record iiotra^ortby fea hires of particuki strata 
or ^oncs such as color, the occurrence of fos¬ 
sils, oolites, pvTite, and so forLh. These gen¬ 
erally arc placed close beside the column at 
appropriate positions (see Figure IV)). Drill- 
iiig time of wells or other properties that can 
be measured may be represented by a bar dia¬ 
gram extending; paiaUd to the columu^ sec¬ 
tion, 

EtofrilcLogs 

Electric lags consist of cur\'es that arc con¬ 
tinuous records of self-potential and lesistiV 
itv measured in wc!lg and plotted against 
dcptlit as diown in Figure 240. These curves 
»TC influenced by many different factors, 
and faniilLanty with local conditions is re- 
cjuiretl for their accurate intetpretatkm. In a 
general way, ho^'Cv'CT, tlicy indicate dilig¬ 
ences in the lithologic characters of strata and 
many liLliologic tiiangcs arc shown with gr^t 
precision. 

llte self-potential curve customarily is lo¬ 
cated to the left and one or mCFrc rdtstivity 
cujvTy arc pici^ent to the right. Curve dev-ia- 
lions to the left arc negative and to the right 
positive. Slialcs urdinarily show high !irclf-(X>- 
tentml and low resistivity. Thcj‘ are iccorded 
bv nisrTOw' intervals betwxxn the cun^ which 
arc rcbtH^lv flat and fcstuTClcss. 

Figure 737. Column iHfian repr*itlUlifg paFt 
of the PsnniylwniOfT Syrtera ai d«v4lop4d <n w»t- 
Offt AJfhflugK fhii a muetl gerwHfczni 

ollvmiph lo fRony of the rtnil^gTDptlk varkl- 

|[oni occurnJig En fhe oreo. The itrolo nrt grouped 
cyclalHnmi ihfri* T»Bre recogniTad arig^mtlly. -^ AFfffr 
WnJilefii, 1931* HI' Gfloi. &utl. eO, p. IfTn 

fig- 
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6 is 

limestones commonly are Indicated by moderate ticgalrve iielf'potcnlia] 
and strong posith'e resistivity, iMost sandstones show strong negative self- 



Frgunv 238. GmerarkzBd colunmcTr of pan 

5Ff thn F«nniytvEin|cEn Syflam m dewetepod In Wi+Bin 
Kan HI!!. The Irregulor outline io the lell indtogitoi 
harder and »ffar and tervet lo omphaili* 1^4 

Itthofogk drfferoncei of fonnorkmi ond membttn. Th« 
itralo litfo oro cydkolly iirpDTia«d btd for pmtikoj 
purpoan th«y an groupod la raafroiling iJthologk 
imiti mocnFiod oi formattom. Soo oho Rgum 1^. 
p>. 470. (AftOr Moom« 198^, Kan. Odol. Surv., 8ufl. 22, 
p, 45 h ftg. ftJ 


potential and positive resistivity ^omr^^hat less than that recorded for lime¬ 
stone. The fluid content of sandstones, hou^cveir, mav influence tfic resistivity^ 
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STHATIGRAPIIJC PRINCIFLES AND PILACTICE 


IN COLUMN BESIDE COLUMN 
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FOSSILS 



I I ] ALTEiSeD 

SlLlCiriED 

j I JtflKogjc 

yHCOHrD^wrT¥ 


Flgur* A tirriflfn ryroiinlfi used ^ tks 

Hrqphk pr»«nialiOT irf IlfKalaglc d-ataik In columnar 

ilroligrctphjc tectloriE. Somv^ ^uch ai mpt«ienr- 

inq iandirOTr«« rtnrrfcilDnv^ and dolarnTte, ar^ itando^d 
In mail llli^mthnnL Orhfin am odapt^d fa lh« neodt 
of O pfljpfStui^W ifudy Of o portkubi fiourt. A ^na} 
voricfy of othar symbaTi and ofo Id ba 

found <fl ^odJngiE: publicalinns, fAftOl ^cngfrrd and 
Molheny, 195B, ftylf. Ara^ Aun?, Ptfrul^vm 
vot. 42 , p. 2059, fig. 4.1 


ciiA'^ gieatl?, II salt %vateT cunirs, rcsistivitv is liVclj to be reduced, and oil 
niay increase Tcsislivilrv' so that it exceeds that of litnatyiie. 

Cheeking cicctne logs against well cuttings or tom at crihoil points it le- 
ciiiiTcd hn Jiccunitc interpretation, and a 1 it Iiu logic lug theiv lie plotted 1^- 
tween Hie tuxv*^% for puqsose^ of cumparisoii. Witb cxjJCTiencc. huwwer. 
pin dim g and ^wtillng of tlie interval between ciin'cs can bt ttans bted tucii- 
tally into litJifjIfjgie charncten, Stratigcipliic idL-ntigcaticms and cartebticni^i 
comnioid) aie made directly from electric logi, 

A oUiei kinds of ^e)l logs arc recoided as ciia^ somovliat siindar to 
those of the standard clectTic logs. ITiey furnish iijvcfiil stratigraphic infom'iu- 
tjon if th€^■ are ptoperly interpTcled. 'liicsc iiiclnde otJiei tspes of self-poleti- 
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6 i 7 
liretifiTiviKI 

L h 


ria] and resistiviti’ logs, induction log^^ 
TudioactidU logs* tempemture logs* ciil- 
ipcr logs, and $0 forth. 

Rtmg^Cfurrfj 

Woii tungc cliiirt^ arc non-pictorial 
representation^ af HiC OCCuxTCnces o[ 
such things as fossils or heav\' minerals 
in a stratigraphic section. Plotting ordi¬ 
narily is againsl' a stratigrapbif sctricin 
or relative time, and the scale i% indcfT' 
nitc 4 rid may be cjnitc iircgtilar* A few 
range charts cimsist of pictures of fos- 
l^ils placed opposite the strata of a col¬ 
umnar section in which tliev have been 
found. 

Nou-pictoriaJ range cliartA arc of two 
hpes < sec Figure 241 ), One is simply a 
bbnlutioii^ in w'Jifeh occurrence is [iidi- 
cated by syTnbnls or letters placed in 
cninpartments in stratigraplijc order. 
Tlic otliei is a bar diagram plotted 
against dine or stradgciplric units, T\iv 
first ii more useful the prcttnlatinn 
of detailed data. 'Plic hac ciiarh, \nw- 
ever, are more striking and rhc% cim he 
compared and interpreted mneh more 
rapidly. ITiej^ are better representations 
of more or less generalized data and par- 
hcularly Uie o^^erall ranges f)f tJtcmrence. 
Relative Eicquencics can be showui by 
variation,^ in the symlioK or Jettra or bv 
the width of bars. 


REPRESENTATfONS 
IN TWO DIMENSIONS 

Vertical Diagrams pfid Seettoos 
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Rgura 240. iJifiwJrtg part 

<jf art ajectrfc w#|f and ih* litho¬ 
logic rhanaefflra of th# CtirntipCfiding 
ftrotigraphic: lecliatt. Voriatlcnn m th* 
*t\i patvntLol and curvet f*« 

f\*df fho physical nflium af the ros^ki 
and ihflir conrain^ ^uidx a^^d i«rvv to 
idvnlJfy drffEreni Itlndi caf itfota, ^AKor 
Stmttaw and Fordr 1P50# 

geoiog^ p_ 365^ fig, I S3, fey 

petmialon ol th* Colorodo Schochl of 
MirtfriJ 


Dragrams showing cektioii^ in two dHiien5ioti$ ate vertical if one of the 
ditnen^inns is thickness* deptli^ or time. Many oi them are closely liiikcd to 
imjdfmensicnal diagrams. 
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STRATIGRAPHIC PRINCTFLES AND PRACTICE 
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241. H^srhetScdi rott^ chorf iIid^Ihq icyeioi wayi in 
which Lha 4ccui^nc4 d fcwili in a k Mn bn Indi- 

catvd. The finf thm coltrinfH^ r»;ord bf X the proence of tpeclek 
Thv »G 9 fid three olio ihgw reloflve abundonc*. The Krnei m the nejef 
thre* indlcole iht lofctt rQFtpsn. The fKittem» In the lent three 

G^olunDli ihow eil ol hi« inforniDttDn provided by tha olhein and ore 
iDor* e^iecrive for eoiy cDetppeherHion iie« Ryure 65, p. 191). 


Condiition Diagmnue 

CoTTtbtifiu diaguttLs shuw iitttfrpretations of the liLteml reLiiUoiUi betwetn 
strata occurring at different places by counectirig cnrrelatiou lines. ITicsc 
lines Tuay represent eiLber aniform time or Hthologic boundime^. Strata 
graphic sections being correlated arc gcnerslly indicated by colmnnai sec- 
rinns drawn to a uniform state altfaougli dectne logs uiev be usetl mstend 
(see Figure 112* p. 545l* The columns may be spaced evenly, as in Figure 
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GRAPHIC REPRESENI^^TION 



FFgvrii 242. Sfroi^^fophTc corr^aitem of UfJtper Dwoitrafi 

and Low«r ^Dmialioin» in w4ffern Jhv culuinniir 

Hcl4Dni hsrB Qfe much No *to\m \i prgvidpd. Thf i^cprvg 

qF caiumni h Mnifo^nn &nd doei riDF CPrmipand fa fh« diihiticiH )^kef*t^n 
locoEiliBV TKv ejHTvMk>n iintM lugcgDsF Ibtiii Utmi, ond ih^fv b no 
roKon of Htfioro^k kitBitongying flr lat^aj gracjalMin. (Aflflf 
rw4, /. Toi. K. p. m2, fig- r,F 


242^ or flcrorcEiiig to some scale representing horizontal distance, as tu Fig- 
me 245- Some welk:liamcterized or convcmoit horizon commonJv is sdeetirf 
M a hor^iitai hast line above anil IktIpw u4iidi all stratigtuplric thickne^^ 
are mcastiteil. llic columns nsa) be amnged, lMJwc\Tr« according Ip actual 
elevations or, if they are well logs^ they' irifty be plotted dowiivturd from a 
hurizontal surface. Every conelatiun diagram should dthcr be accompanied 

















































































































Fi^Lit* 24^. SlfOfkQtaphEE carralatHKi a^Owifig rdlaliiani: of mPtTr^en of ifi* 

Oirjir* FormoijQO CTruiuJ in iAuth«aft«fin Utah. THa cclummrr fttcthont fKord deioilHf 
imfrfraufvmfenH at poft^tiliDr locxal^tni- ond- they of* ipOCtd fil^CrpaiiiitiJTiDlly hi diitonm ^a- 
tvnrvn ploc9iL Tht loiBroi mhitgrodifig 0^ im#mb«r» l^i ploiftfy Inidicoled. [Ahn*' 

Sivwart, Am. Afioc. ^effdvumi rol. 41 p p. 44 B^ tig. 4 ,? 



Rgur* 244, Wejl-wU itraiigrophlc teciion ihwifig ffie itiatwm* qF KtridflrkxiLiofi 
fnmivtiOfli Mki-J m tHe iubiu^ftrcq nimel^ Thii fc«fiion hgTiom oil vtrut^urf. Thu 
itrota qr^ plaited dcwniword from top of rilo Cfiouteau Okritrop 

ifld^COio rtiot coniidffrablp lat^fol gmdalion id «nilJ as iv^HDlkiTli ifi tha thiicko«tvfl4 oF 




































































































































GRAPHIC RiPRESENTAllON 6 :t 

hv an index map showing the geographic locations of the colirnin^ or have 
Lliese adequately lorated In some other way* 

Stratigrtiphic Sections 

Stratigiaphir sections are to rofiektimi diagniiiis accept thit 

{ 1 ) horizoiital distaniNT^ conespniid to a uiLtform scale, < 2) sections at con^ 
trol points are not emphasised, ( > i fonmtioti fxnnscLiries or lithologic pat¬ 
terns are extended across the Avholc diiigrani, and ^4l abrupt ctumgCS in 
thicknesses or in the inclinations of Iw undo ties coiuiiioidy are founded out. 
Examples are presented in Figures 2+4 to 248. 

Sections of this type may extetid in m irregular iigy^ig tfiaimar Bcb^cen 
control points nr tJicn n!ay fgllnw' a Luiiform direction m di^nge directicTn 
ilightly at only a feiv sv sddy vcpamled ptace$. In the LiJIa cajiia the soctiim 
may actually pass throngls few control pcntib and str4tigTapliic iliicloiesses 
and other data are carrred laterally to the line nf section hum nearby pbces 
of observation or measurement. Thus these scctiuns arc miirc complete strati¬ 
graphic representations than are correlation diagrams but they' commonly 
are more general t^etL 

Stnieturdl Sectionii 

Tticse are the inost perfect cross sections. OrdiJinrily they show fonmition 
boundaries or general lithologic dmiacteTs hi ncaily as much detail as strati- 
graphic sections ilmwii to sinular scales and in addition the true nr inferred 
structural relations of the strata from place to place Alt famnation or other 
stratigraphic baimcLnics f>e£:iir at poisitiotis deteniiiiicd by actual clc^^ations 
measured or estimated at onterops or in well records. Where data of tins hind 
aie lackiiig, boundaries rtro act ended iu accordance vvilh known or inferred 
stratigraphic intervals although these may v^an at different places. 

Structural sections are best suited to illustrate structure and stratigraphic 



littr^Qlagk tfnitl ccc^n \ji itii KlnderSEiak. Thif h n^al ibtiwrr in rhs uctinn. Ng 14OI0 h 
provided but the wiiwi dlJnw]j,lDii li much Axnggtrciltd. fAFter Workman ond 
T95^^ l|L. Surv,, R!9pt. of Inveii. 1B9^ pi. HCtiatii 
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HlLTO« 5 tL- 


SO meles 


Figm ^45. Srratl^0TQplik iACtion tha^ring ikm r^krlbiift ol 1-1^^ 
tte^^p^|;oFl flfld Wl,^ltii|.lI>plon ierfirnttafu ifi ptir+i ef wila^n Twna^ 

lee enj Vifgifito. Tlii* tcdiofi- «xEfiitdii in *ft Irregulor \\nm thof 

would b« b^fier wnd^rifood If on oulllno mop wora p/ovidvd. Strucr^uru 
B tgnured. oFi^d i^lc^nsiw one pioElod upword onid downward fratti tb« 
middk poFl of ChatTanoogo Shole. THb dlogrom llluilTOti^ axframc 
dhtoniimi r«ulping fTom exoggefoUon of fhe ECob^ whidi h«r« 

b abaur 5EKJ liniBi. iAfter Sv^uti^ !92!?, ,Aiii, J. Sti., lOr. 3, vol. 17^ 
pv 444p fig, If 
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Fkgufi 24 i 3 . CofTOtmian dtogi^m fndicoHng roiollofti bi Nuw Tork of fowif 
SCbrion foftnolbmi coirs^ondirTg to fi¥o oitrocod Emsm. Ii dipwi (ptBPot fitkqlogkc 
gnidmiocti ond ih* tJtlilBncH cf on uoconiorntlty. IDofta Ifoifl GillffH*. 1947 , oft^ 


Rdwr, r?Mp J, voI, 64, p. 423, fig. 4J 
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C^AJOWAHIET- 


TRENTON CANAJOHARIE LEVIS 

I^ALLS L^TLE SCHENECTADY CHANNEL 

r f\!L^ I— 


iJURfliES 


Rgun 347. Slrotlg raphic iKfJofi C^Bitibncm and OrdD^kkan ctroto m port of 
N*t# York, This dhaf^foni atiBiiipti lo thow fai a gsmiisfoEEtod wny ths iliilhologic difxr- 
octnr^ thtdoieuet, and dialriijutioni of d large numbsf of fdlmotlanf. Theit are not 
dutmguiih«d Of rtdfn6d on Hik r^producHan pi the Ofr^inDl dicrgmm. For itifl iflka of 
dorily onfy thv Tnnpor stratigrofiiiic dhriiiDni ^iro indicotod. ^After UInch ond Rueda- 
morn k> I^LrtdRnTaiin, 1933, t6lh tnfRm. Geol, Ccmgr., Gukiahoak i, p. 126.S 
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R^r* 34i, Kjghfy Kfumatic corratotiion diagram ifiowing Itia reEafioitt 
ruognlzzd CPHib^Etin ifinatkgTiaphiG uimti h Wyamliig and ihm Black KifI*. 
A dfdgjtim of Ififi bind cftarly aJimirt f^lsltoin dl nommu bu? nil detolfi 
ofo Focbing. || fiof more pha fiahFEBi of o corroktkin chan fHon ^ny kind af 
ilroNgrophii: Kctl&n., {Aft»f Woodward, T9S7i Sufi. Am. Aitoc_ H^okum 
G«J., wt. 4T, p^ 220, fig. 3 lP 
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reLitiom in arras idalivdy steep dips or where ccRiplicatiuns ^le intia- 
dticed by faaltiJig. !f dips are geaitle> structiiial ddails are. likely to be olsaire 
unless tile vertical scale csiiggerated with iicsfpecJ to the hoiiacmtal scale 
f see Fignre 249) . Such ciaggeratifiti may be eEtieme if fortiiattons are thin 
and ttie section is extensile. A vertical exaggeiation of ten times b uoL irri' 
coniniou and this ratio may nse as high as 100 or even inure. 

True relations are shown in stmetute Ejections only if the horizontal and 
\ertical scales me equal (see Figure 290]!, Exaggeraticiu of the vertical scale 
restilts in distortions of hoLli the angles of dip and stnatigiaphic thicknesses. 
If the effects uf acaggerattan aie not understood, very ermncDus impiesiiims 
of both stiuctural and sttatigfaphic xeladaiu may be obhiincd. Consequently 


Tatile 2tn Appnjxinia.ts Pittor tlM i FkIotI fl>r AJtifki of Inrlmaripn 
(tapper FI^jith] imif StraCi^rsphlc Ttili'-kficaia (Lower Fifnir^y 
Shiir^n in ^rucrarol Sccimum RcsuLtuii^ fruin Rcbiive 
£x 2 s:^;ermtiisii ni iTu Sciftir 
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Frgyrff 24 "?, GfrriirDikrcd tlrotig^phlc and LTtuti 4 mil tfffl* ttitendirig frftffl l+i* 
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nccssivE vertical exaggcratitjti should be avoided and the lelativx scales of all 
sections should be plainly indicated, 

Vertical esaggmtion results in showing dips steeper than thc>' actually are 
hut their distortion is progressively less pronounced in more steeply dipping 
strata. Also this distoition increases wttli increasing vertical esnggmtion but 
at a relatively decliiung rate. 

ATitical cea^eratioi) cau,vc.s vtiatigraphie thicknesses to appear to be less 
than they actually flic (see Figure 251), Tiiis distortion ircreases with both 
greater exaggeration and steeper dips. Tabic 21 shoivs the appnmmate mpg- 
nitiides of these disciepaiitics for selected combmations of vertical exaggera¬ 
tion and stiattgraphiciiidiinition. 

Stratigiaphic thicknesses are plotted to scale in ordhiaiy stratigraphic sec¬ 
tions* whatever their vertical exaggeration, and cotuparablc rliscrepancies hi 
thicfcncss may uol result unless Iberc is cansideiahJc thickening or thinning 
uf stiati^phic units. 

Correiilhcni Chdrts 

In vertical repiescntab'ons, thickness and time arc alternative duncnsiotis* 
One cannot lie indivated b}’equal intervals at diffierent places vnthuut distor- 
tion of the other. Correlation diagram.^ gcnerafly me based <m comparisons 
of equal tiucknesses. but correlatiDu charts atteiupt to sliuw* eirmpaiisuns by 
equal thiie (set Figures 252 to 25'4), Tlit first tomiuonly emphasizes lateral 
variations in litliulogic ciiaractcrs and thickness. Tlic second emphasizes the 
conelatifm of leeogiiizi.'d luid generally iiained stratigraphic units. {11 neither 
is the hi^zontal scale or diicction piiirticulariy miportariL but both fiaix a 
Imri/nntal dimension beca Li.se strab at dilFerent lacaUtics are compared- 

Most correlation charts are iion-pictonal because lithologic clraraeters are 



pKitMt. Without grcKiT c?xaggariiEiiDfi Phs ifrpfigmphK Mtcllen qjid struclur^ thii lifus 

coutd nor bs ihown. lOoto from Aollar^, 19M, (uW. Am. Auoc. P«Wen«n Cool., vol. 22, 

pp. 1-526-1537, ng. 1J 
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Qn:}y indicaleil escept in JotmaliDo names. Geologic time intemil* cannot 
he estimatcti accuiatdy enough to be plotted dgainvt aajr iniifann scale, so 
the vertical dimension is only idyti%'C and is likely to be very inegnlar. Al- 



Rgufft 55 Ql Smjriufe idtfSwi oi Teittofy in iHe MurtNcrn part al Tj'fnEdcd 

iilond'^ Weit Ervdt&L Thti ifittbut ti d-itiwfi tP tr^i i£q 1« -apid ttlftra 1% m vertical tftscog- 
gar^iAh. Slructura of liHlf miBniity and romplBJuily Im thown odaquatelv 

s^Tucfurol conlnuii. t Ariel 1951^ Am, Axfisc. Fe/ra/^um voL 

p. 151^ lig. 3AJ 


tA ^LLt AHTlC|.|nE 



Rgutn £^l. SfroMgrophir; rtnd ^tfuctyral ivctiBn bctou 1I» Lb Solln ontkiklie fn nortH- 
#ni lUinok- Th^ v^rtJeot ajiaggerDllon k V3 greal iKbI tka ftrotigrapkic UiiKi oppnr to bo 
thmrwd on ike Heep flonk of ihm antkFfrtft, The Kcfbon tre^je^ the of this streenfre at 
Bn angta oi obout 25 deg«ei, II the triTerj^ion ware ot righi anglei the oppiuent thirv 
ning woM b« nr^ch grvotvr (After Waller^ 1^45^ FU. ^eol. S«rv.« Gool^k map of llllno^ 


though conyjjt pf jftitLigraphtc ctiluiiiiu ctniipiniblt: tP coJinfiiiar 

sections cottclaliDTi d^tU ate motie Libuiations c}f ^tnatigraphic data dLau ac- 
tiTfl] dia^Esims. 

Haristorrfol Diagrams and Maps 

Roriitantal repres^tatiom may be ooticcmcd (1 ) onli witli rclativir dircc-^ 
ti(in 5 or 1 2 ) with locations of dbtjibutiam in a hoTizanlal plane. Tliasc of 
the first type are non-pEctonali Tlsuse of the semnd type are maps of 
Lind or another and present data in a more or less pictonal manner. 
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T}ia^ams 

'Hic sfmpl^t indic'.itiun of directiQii is a pruperl)' oncuted arrow as shown 
in I’jgnn: 255- Arrows can rcpicseiit smgif; ohsmations or the averages of 
sericral ohsmations Frequencies eaij be indicated by tJiesizc or strength of 
arrows (see Fignie W> p. 538l 

A whole series of directional observations can be recorded most effectively 
by a rose diagram, of which Llieie are seieiaJ types. It may be a circle in 
which each obsemb'on of diiection is represented by a cotrespoiidiiigly 
oriented line extending either outward fruin tlie center or Inwanl fmm the 
circumference. The nuuihcrof similai ohsmations can he indicated by the 
length (ff lines, 'Hie spaces hetween lines may be filled in to produce solid 
figures (scs Figure 25fiC). A generalked type of rose dtirgram may show only 
the outer ranges of a series of directions as a sector of the circle, as in Fig¬ 
ures 2 J6A and 257. Diagrams based on the centa may omit the cirelt. oi the 
size of the cirele may be pioportioiial to the niiniba of observutiom. Dia- 
grams based on the circumference are like inwardly projecting bar diagrajus 
(see Figure 256B). 

Rose diagnims are easily' tonipaied visually and they are cornmontv em¬ 
ployed to record the oncutation of cress-bedding, joints, and other direc¬ 
tional features of the rocks as shown in Figure 258, 

Ceogrnph/c .Maps 

Geographic maps are essential as bases for the presentation of much gco- 
logir data. Depending on their scale and purpose, they range freni tiinplc 
outlines to very' detailed maps showing many of the physical, cultiiia], and 
julitical features of an area. Geologic iuformation can lie addetl 1« f i 1 prop- 
crly kicated symlmk such as dips and strikes or simple duigrams such as 
Iristograms, rose diagrams, and so forth, i2) bonudary lines svith nrsvithout 
contained distinctive areal patterns or colors, or (^) mutcmis if the geologic 
data can be quantified. 

Areaf Ceofogie Maps 

Tlic cciramonesl geologic maps show the areal dhtributions of formations 
or other stratigraphic units as they occur at tlie surface of the earth. TI»e 
outemp areas of different units may be indicated onlv bv bornidarv lines lint 
such maps arc likely to be difficult to read unless the geologi' is very simplp, 
CcnenilTy the outenip areas are idcntiEed by dislfnctivc prtenis m mJon 
keyed tti an ciplanatory legcml. More complete information is presided if 
the map also is accompanied by a generalized columnar section and one or 
more cioM sections. 

A pro^ly corjstnirted areal geologic map with an adequate but simple 
expbnatbu previdcs a great amount of infoimation. It shows liic strati- 
graphic succession of mapped units, suggests their relative thkkjiesse, and 
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stmrtural ^tuics. FiXJm it subsuiface cxmditiDiii and diatrjhutionii 
can be infenred. If scattered dips rind jtntes are provided, the imp can be 
read ev^en more acctitately. 

p\s the scale of an arcai geologic map rncrcriscs and the genlngt' is jlio™ id 
greater detail, the interpretative element in mippifig becomes mirvi: impor- 
tsnl. Consequently^ on dctaikd maps the degree of actual controt shuuld Ix' 
indicated so that tlie viewer can judge Llie iclirhilltj (d different features and 
make alternative inierpret^tiom if be considers tlicm tv be more likdy. This 
can be done by shiming the actual areas of rock cirposuTCS and indicating, bj 
solid nr various!y broken lines, the degree of c^tainty with whidi fonnaticjn 
boundaries and faults atcshcnviL XIany geologic maps api>eaf to be more de¬ 
tailed and more accurate than they really :iie_ 'L hus ibc) arc not as objective 
presentations ol geologic facts as tlicy should be. 



R^ure 252 1. CamplCTtiOfr tobU »h*wirtg ol the Kind'«r^ooliiai^ fonnatkirtl 

tn tbfl uppor Mtu^ulpp^ Vdlay rta'-M. This h the Ifgndord ryp* of cprrBfal'wn toW# 
ihol ^templs IP show noThlng b^t the linva rvLotiani of named units. Ary impc^rranf hiotvl 
In the Tfrptiai^pHk leclion H indiEaled by wrlical ruthg. MfnEf bmki lit thr iequence 
probably OCZmjt bui generally fh^y o-^® IgflOTfld. Thn COv'ftflatkini Ofifl mar* ar ley g^nEPal- 
izfrd, Th«y are based on pcii-tQniola^k httral corriinuPiy of tiroiPH umFbrriy of 

lltbologir fwitLiras. and oppamni tirnilarity in ^froHgrophtc podt^n. In t^mm ofvOl formo^ 
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Pideogeolo^ic Maps 

'ITiescart naaps that show the areal gcologt' of the iur^ce as it was at some 
time ill the geolc^ic past ur as it wiould now' appear if all the strata w'ere 
stripped off above some particniar horizon isee Figure 2?9j, A \‘-jried areal 
pattern octim onl)- at a btiried surface of unconformity, where ettKskm cut 
down to different sliafa that pm'iously had been mote or less w-aqicd. 
folded, nr ntlierw-ise tlistttrbcd. PaleogeoJogic maps are based principally on 
subsurf.ii'C data, iiiainiy wdl logs, and liicir detail is dependent upon the 
abimdanrc and distEihution of the data. Control also is prnvided by the 
stratignipliic Tclatrons obseri ed along the outcrop (tf an uiiconfnmiiti, Tliesc 
maps Giiinot be attended wiifi much assurance tcyund such rnitcmps, 

Lfncoufomiabk rclatious and tlicrr lellectiQm in paleogcolngic uiaps are 



Kofif hsjTO b»>^fi tubdi‘T|d<^ Tfltii m^niber^ LitEroJ (Erfiolo^ic gfacbtPon maf N tndicQled 
whtrE tl U cofi^edeted Ip b« JmpfiJtnnt, Ihm Kfrideihi^okkin racki tfiJi frjion provide ifm 
baB4i fof a gtMirf exanipJp pf k^nd of thari Iwcayse ntim^POwi m^rt Of Ibai eqvivotpnl 
Hthologic ynih hairp bimn recognized ond notnffd m naarby oreoi. The lowar port of iha 
Atbanif SUnU oF Indionia genBroHy It tmigFwd to the E>«-fonian, There h Si<igiee- 
tnenT tas to whether the forrTtatLOT.i of fhe Fofelui Group OF* Devonian or 
ilAfter Weller pnd pthorj^ l9-*8, fluFJ, Geo/. Sec Amer., VoL 59, chprt after p. 196 > 
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particularly useful in indicating the njLtnre and amount of tetrtonic acHv-ity 
tiial malted different episodes in the development of dcpositional basins. 
Tbeie map^ also provide a guide to the varied stmtigrapbic scclJoiH tliat arc 
to be cncoimtcrcd Isy drilling operations at different localities, 

Snbgeofogtc 

A snbgcologit map show the areal tclatioiii of strata thjt immcdivitely 
overHcaTi unconfoniuible surbcc tsee Figine 260). lb pattern may indicuic 
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Figiiiv 753, Cd^rHollcn short ihowlng tha Lataifi! fvtofPEKi at Ihn# iFilerlongui**? 
t’BrmiQji farnKatiof^i dF appTObTrat*Ly BqufcvtiiBnt and lh*1r Jrubdiviiiorn iff the 

central Roclmy The gefisral tonveTilfam uiedl m vhn dtorl atm itiC tame 0& 

those Figurv 7S7r The reJoTkinf appear ta be rrror# canrpliiQr became rfidrmbe^ arid 
ICMigum are re^ogpespd ihrctighDuf tanaideroble atwoL, Ivherw Itxy CEtirv the 
eoiEbQl bid Wiry upora aw less In age. I^otica that Ih* Vbwmt EtTota pF thli tlifte Himryot 
qra auign^ fft lome areas ta the WeM) and Wftber Foirmitiam itior ora rna^nly oF 
^Hnniyhomorn oge, l!AFtEr McKelvoy and Othvnw 175£, Bu^^ Am. Atmz- Pc^roltiPP 
GW., mL 40, pv 7fl3^3S37, fig. 4,) 
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FlgurB 75A Comtbtion dicm ihffwJri^ th* lima rolstigni of pmt-eocen* tocfa in 
Mwifraj port! q( Nr*«do, Monif of ihe unfit reeognizqd Ota lok* bodt, tvffv or onlruiive 
vofoonkt fcnoittn In llmitad oroat wham tlmlisnipliic luoecniofl ond Iqloral K|UkvolBnoe 
ora obtcuro, CoiiiequBnlfiii if oge) eannof be rfefertnmed palaonfolegrrally the paiifiont, 
OifiET lhan rdolne Onei, are mom or Ion uecertam. Sfrotlgrophic hiotuieo were no! Indh 
catod by vorffeof ruling In iho original of tfib diott and the (uxuirenn of unHi wilhout 
nnn»i like thnt in ihe east central eofurlm oiigbt b« OvetfoolcetL (After Von Heulen, f^SS, 
Suff. Am. Amc Petrafeunt G»of., yot. 40. p, 33Ib^ fig. 6.1 


overslcppiiig famuitiuTiS or other units dtposited in a gracliiany transgressing 
SCSI, M(n<; coniitioti)^^ liowcvcr, the stiatigigphic rdations record irregular 
transgress ion interrupted hy one or more iqttessbns that may be indirated 
by coTTCspimding yeimger iinctinrormitics. Such maps are rclatis'cJy tare but 
they Ciitj shtnv some fcatuics of composite uiicoTifonnities mure satisfactorilv 
than in any other way. Like paJcogcohigic maps, these are based br^elv on 
data iiutiishcd by well letdards. 

Paleogeo^aphic A fdps 

UuUke the presntnisJy noleti gcolugiV maps, which are predominant!} fac¬ 
tual. paleogptigraphic maps are maialy inteipretabons. Most simply' they 



































































































































































































































iha^irtg th* dlrtcfion of cros^-bedding in iha 
CocwlU^O SandiJona tFarm.l' m port of AdianO. At eocb lacolirfy aludied on 
orrow psoiitlt tfi thtf macin d'ltBCtiQ^ of tncoujred The lenglh £t 

cm hndkoiHon of ’^cortiiitnrTicir"' vuhkh wos cokuiottd by weighting <be number 
of -Sitoeper Cfoss-bed^ order to Ompboxizo tKe fno&t ptomltionl EttuCtoret. fba 
orcu-lor ore ihows Iho ror>ge ot observed directions in all hut the 10 percent 
of ?ODsf oberronf ohsarvationL Compore with figure 134, p. 337^ £ After Rokhtp 
f93S, i. Geo/., vqL 44, p. 92}. Rg. 4,3 





figure 2J6. Varistlrt of rose dlagmim. Those of type A greotty ei^ggerate wfacd cip- 
peor^ lo be D preferred oriOFFtobon beroupe of die expOAtion ol legmenti oulword from 
the cortlar. A chi-egyare teat Indkotoi that the probobillty of Ihii diltrlbutten'i being non- 
random li onif B4 percent, i iKow^ the tome doto plotted tnwgrd from the circumference 
Insteod fif oylVPtrrd bom th* cyntef. QrlentotPEUf here U not lO Ifrongly ovnphpm^. 
C shows the Ksrtie dato plotted by connecting the ends of line^ whooe lengtht orfl! propoF- 
tionol to tho numbof of obsorvolions. Thh loswns EomewhiETii the exDg:p&fotion of the type 
A diogfom. A foftOr MortineZr flub. Am. A«dc. Petroleum Geq/,^ ypl, 4?, p. fl02, 

Rg. 13) foCOrds ff^4ow Optlcol eiHoufrOfnents indicating ihe predomintant C-oeis arhrntOi- 
tiofi of quOrtx pfoios in twelve thin seCtioni ot lOndilone from the flell Cfuiyon Formpiton 
iFerniJ from Culbersart CoufiIvj TuXOs. Many guarti groins hirve been obierved to be 
elongored pamflyl to the e^xii. The orieOtotFOn mdicaiod by these meo Eurcrrien ti cot- 
mpofpdi opprOxiTTiately to the Orwntatlan of hnullnirfs oniJ □ abaut od right Cmglet to 
ripple marks irt this lomKrtion. 
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attempt to jhaw the distrihutioti of bud and sva 
as tliesc esibtcd at some nioiucnt in the geologic 
past (see Figures 221 and 222, pp. >86, iB9)- 
Tlicy may be daborated, however, in ^^lious 
ways by indication of Jieas of non-marine dep¬ 
osition, cvj].xjritjc basins, volcanism. continaj- 
tal ICC sheets, higlikiids subject to Severn erosioii. 
and .«i ftirth (see Figure U S, p, 5“7,l. The ideal, 
miely approadied even lemotdy, is a complete 
geographic and hydrographic map showing the 
extent and pliysiograpliic nature of the land and 
the depth and bottom cojidiLions of the sea (see 
Figure 220, p. ?8t 1. 

I’aleogeogpphic maps are bascti im geologic 
and palcontologic data supplemented hs cons id 
enble imagination. TTiey actually indicah: condi 
tic ms and idatiom ttS these are supposed to have 
existed tor some apprcxiable interval of time qiuI 
consajLicntly they arc generaIbetl. Rccogintion 
of the nature, distributfun, and correlation ol all 
stcala of some pariicnbr age is of primary impor¬ 
tance iij tJicir construction, llie paioogcogiaphy 
of any region wfiosc geology and paleoiitoingy^^ 
jre not LiioviVi in gmat detail is bound to be 
more or less imccitjiTi, in fact the doubts in¬ 
herent ill paleogcngTapiiic interpretation arc such 
at present that no two persons wvuld lie litelv 
to produce nearly siiiiilar maps of aiiv targe re¬ 
gion ev-eu though the maps wore based on iden- 
rical infunnatiou. 

PtiUmpttFtk Stapv 

Folding and overthrustiug, tljteHy in getisynclinal zones, lias resulted in 
compnaaiim of the rocks and shortening of scgnients nf the earth's surface 
lliat may be mcismcd in many miles. Coitsec[Lienth points that are now 
close together may origimiily have been far apart. Such displacements hai-e 
piodiiced what appear to he unnatural mbttons, as, for example, the tde- 
jeoping of sedimentary fames of some Paleozoic ionnarians in die 
lachiau region. If it is desired to letum geographic tocalities or geologic 
features to their forniet relative posiuoria, expansion oi the present imp'Is 
ijccessarv (sec Figure 261). Such an expandecl map h a pliiispastic map, 
which uiuy be used as a ba.se for the piesentaliou of dtlier paleogcognrpliic 
or paleogeologic interpretations. Because the amount of shrirtening rarely 


N 



Rgure 257, Ra» diagram 
r^^LDFcfrng reauFh of 123 
miKiEureirfierffE oF cnoivbed- 
dmg diJVCtPQn tn Auji 

VfiiBi, f^ap^fxulr^ and Tonk^*- 
tawn fOmiatFani iWlssJ,, 
mairly in soutfiw^tent IllinoJ^. 
Unllka san-d gfo^ns and umi- 
lur al3pect^, grieniiitl'an 

k blpalor Ltee Figure 
cr»t-bedding ond 
ri|Qf?l* marki are oriAnfvd ^ni- 
dkerftQnnJJy, fbftriifQre, 
diagromi tka; mpn^np ihrtk 
meciuremenPi ore uni^numel- 
Ficnl iAftef F*atlBr and others-. 

A^tTl Alifnc, ^bFi’-ci- 
kiiffl vdr 42, p. JD2A, 

fig. 7J 
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cm be dfdrntiined in ninch disbitbcd areas, palinspastrc niS{K 

aie no tame tban approiuniatiuns, and attempts at such icconstructioD bavt 
not been conimon. 

rVierji^ 

Tacia map^ aie designed to sluiw (iiHeienees uHthiti strata of equitaleul 
age and tHiu to pTuvidc ineain for coiapatiiig tLc results of conicmporiiTicoiLs 



Fl9Ur« 358. Mop iJiawSng \xy rw dhl^rentl onenlatroo oF ploftt iTem FrogiMt^H kt 
fh* Pocono- SatrditOnB (Mtjj-l of EHQ05ili*iBi (ii ^mFU^SvimiEi- fftigniiMti UfP giafifir- 

olly ori4m«d pamf^l lo rippfe markt ct^d at tight io c^ouhbeddlng oi 

fha loma WaJItnL- Ah >01 Hieu f'^hjivi ora mdkotionf of curranf drrec^cfl. Fah 

}<tivr, \95B, AuH- Q«<i^ Soc, Amtr^ wol. 69^ p. IQ 53 , fig, 


bill bteciUy %’i»nahlt Msd ttindiiioiis. The diffcrcncs may be of ^ny 

kind tbal i% diiiii^giti'ihabte in ^edimontf or sedimentar)' rocks. llifHc th.it 
h^vTbecn eaiphasizcd are () ) lithologicp (2) biologic^and tectonic^ h^^i 
the first have received by br the most utterttion. Facies maps do not neces¬ 
sarily deal wilii strata eonrcvpknding to conventitmal stratigraphk; uai'ts. 
Ideally they should show difftrcriCK within Hie strata of tmihs icpriMtiliiig 
very restricted fnteivjls of geologic time and otasd throughout a large ami. 
Because of Hie limitathniK of correhiiion* this ideal getiemlly can onty be ap 
prttachccL In actital ptacrice; a iinil that is closely rdtricted m rimeaUo is re- 
stricted xnralty anda umt lliat can be ti^eed satisfacturilv thronghoot a large 
region ri likely to reprserit so long a time mtexv^l tlwt its facies are much 
gcnetaliml. 

Facies can be distinguished and mapped qualib lively or quantiiiittv^ly'. 
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Qualitath'e iniips com¬ 
monly employ patterns to 
identify more or less in¬ 
definite facies (sec Fig¬ 
ures 195 and 196, pp. 510- 
>U ). These maps ate not 
lildy to Ipc eitliCT dthi^iled 
or accurate unless facies 
contrast sttongly and tlidr 
gradations arc abnipt. If 
qiiantitative differences 
can be cipresseil in a sira- 
pk way nLmiEricallyt as in 
the measure of a single 
pmperty or by the com- 
psrrisfjn of two related 
properties as a mtio, a 
coatounxl map can be 
prepared and arbitreriiy 
differsentiated hides indi¬ 
cated, or timt can be left 
to tlie imaginatiem or 
needs of any viewer of the 
map (see Figures 200 ami 
201^ pp. 52K» 529 1 . Fades 
based on more complex 
relations ins-olving tivo, 
three, nr merre Viiriahlca 
arc indicated on a map hy 
patterns keyed to the arbi¬ 
trary divisiems of a dia¬ 
gram. most commonly a 
triangular dkguLtn (see 
Figures ]97, p, 512, and 
206. p. 553), 

JJthof^cies Mdpa 

As the Tiiinie indicate;:, 
the.^ i5re map,^ of facies 


Figure 559. Pf^cnnsylvonlon fmip of |U^ 

ItOSK atiawing tho noinKward overlap Dl boiol PenniyI- 
vanicn arrotq from high Upp«r Mis5Hvppia?i to Middte 
Ordgvk^. Iha TtrorlffrEiph Nc rtcticm thiA ove^loppod ii 
oboLHi 5000 Phkk^ ThiiLi ti nKsuaray 
however, 5000 of ofoilon to ktfm 

MiiiiEHppion tlnw and b«lort tho ckpoiitioft of rarlleif 
Pvnmylifonion. ^Modified from Wonlesv, 1955 ^ ioa. Am. 
Attot. P«troiffo/H Gootr voJt 39, pp^ 17d0~1761, fig, Z-i 

differerddted m the Usis 

of lithologic characters. Alt) lougfi these charactm are relatcfl mainly to phjii- 
ical and chemical processes and conclilion^. they aho indude thoxe of bio- 
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logic origin tkit afect th^ cornpa^i!ion and appcamticc of sediments and 
rocks. 

Most litliofade$ show the areal extent of fades within some kind o^ 
stiaLigraphie imit as determined hy subsurface tecoids, Tlje commonest ones 
make arhitasn' distinctiom ^ iLbin a mtifinuytisly variable coiuplcs based 
upon either [ I) proportions of the three most abundant types cif rock in a 
stmtigraphic unit such as lunestonc sandstone, and shale or i 2 \ rebtions of 

dciTital and sand-skik ratkis. Manj 
other lcind.i of iithologic clianicters can 
be u^ed in the differentiation of fades, 
liowc\tT+ and mure rompltrs comfiina' 
rions of ehameters may be titilkcd. -\J- 
toeether a great iiarietj' of lithofucies 
maps can be prepared for a single strati- 
graphic iiihL Because of the arbitrary 
limits and the different diaracters con¬ 
sidered ill felation io each nther^, tbt 
facies pa Ileitis of scs^tral maps demoted 
to the sattie area arc likely to he very 
different, 


Fi^ur« S^6D. Su b-gvCiltoQiit map shqw- 
jjvg lliG agm of sfrala that difsctly 
overhe tfw QeyoniDn SyitQFn in the 
Williitpn hgun Alihaugh ■I’he^ 

MUuulppkpn may b? confvmoble, 
itmk snd Creipcea-yt iirokt ovantop 
Ihft Milsibilppicm an6 ixrcceed ltv« D*' 
voftrain urKortformablry. Mofin of thh 
kind: atti fipl cgrmnfrh buf thdy imivtd* 
tifirfuK hfcrmnotiDil r#gciir^mg strotK 
graph ic rfflaTruni and ths armal diatri^ 

Ilf formattanii al iiiipoiluirl ui>- 

confonnirtn- IAFtat ftatllkv^ Alfif- 

Am. Assoc. Pfllrv^tfuirr val. 09^ 

p. ^12, fig_ na 

They may be patterned maps* like com- 
nion lithofacies maps, but generally they arc contoured ou the basts of i^me 
m'-aMirabk propertv. relation, or ratio. 

Vhti nuwt iil>vKills Lsotilrh map is one that shows the tolal thicknds {I'lg' 
lire 19S* p. 32?) or pecccnbgc f Figure ISUB. p, 486) of one kind of rock 
present in a ?tratigr3phic luiit without regard to ih di-rposilmn within the 
unit. Other map's may shrm the number of beds diat exceed a certain thitk- 
ncss ( Figure 19Q, p. S26 ] or the araage thickness of ilic beds, Also rhe;^ may 
show snort detailed lithologic features, such a$ the average grain siae or de- 
gree of sorting in sandstones, the amount of insolnblc residues m limes ton cSt 


hvliih Afiip$ 

Lolilh maps’ art concerned with a sin¬ 
gle kind of rijct occurring within a 
stratigraphic unit rather than with a 
complete stratigniphir secbrjii. They are 
closely related lo lithofiicics maps and 
might he regarded specialized maps 
of this kind, 'lljere arc rnany pciwible 
typc% tif isolith uirjps. For each kind 
ihcte TTiighl be as nnjny mops prepared 
as there are diffcrenl kineb <jf locfc in 
the sbntigmpliic unit being studied- 
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Ffgure 261* ftiep^ ihonwing 1^4 relDiJtMiii of m^rly FhIooecmc rocks woiTern 

N^w &iglpnd- AceandJog lo liiki inftrpjsfei^icn, ovCrtli ruifmg hat brought nicJt* 

ihol Originally occurred in Qfeai IQO fo 1^ miloi bpcrt inlo dd^ nuDciaPJorir TKi^ mgp 
gtnmpti fo rerurn tliEm fo tbeir fonnor geographic pMlPlionL fho dupioced if&ro bowiwl- 
arles provide a Fraiiie of roF^iience, I After Koft 1^37^ BwW. Gool, S<»c. Amer^ V03* 48, 
p, aa6, pi. 5J 

or the aiuoiint of silt or lime in shales. These and oUjer ieiiturcs of the rock 
Can be coriipurcfl in tlic ttpper anti lower liatves or other fraetiotis nf stmti' 
graphic units. Patterned isoUtli imips leBccting more complex Tcljtiom, ^iich 
as miiiemlugic or otlicr details of coiu|xi<sitjD[i. are possible hut not mauy arc 
likely to be made became of llie lalxir required fur their preparation. 

Litltol</gk MiSpK 

Litliologfc maps are similar ro areal geologic maps in that tJici- show the 
distribution of outcropping nKts at the nitfacc of the earth, arc differ¬ 
ent, lunvfv'er, because they are not coiiceiricd with eonvcntiDiiai successive 
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sttaligr-iphk imit? but only with the flctrttfiatcc of strabi of diffCTfmt litho¬ 
logic lypo (&ei: Figure Z62). Hie stiaba they shmv are variously related 
both verricaily and laterally. Sofoe may splits intcitungue, or wedge nut be^ 
tween eat h other more or irregularly. ThciC maps conimonly illustrate 
stratigraphic sequences that arc equivalent but difiereiiEly comtitulcd from 
place to place. 



Figure Lilhofagic map ihovnng cvTcfoppanfr lOrtCi nf flnfeatqne. ihtiSe. arfd 

icmditwie eri Mf, V^icayip', tntdfi llicnd. Alboy FrprvincSr PHiipppinm. Tih-E nrafa He™ a#® 
perrt oF a irafy ihkfc middlE I® itpp^i lETtiary AlraUgreiphic lEctkin. Indivfducat aft 

diEconlmuou'i^ and lubdiviiilon kftio UtEfu'l Htholog Pa&IJy dlffnrviit IcirmcilhOAi (i nof posal- 
blt, repograpfik toniouri art drown ai 5D-mEmr inlarvalb. lAftar Crlapln ond oHi*i% 
1955^ Phil. Bur. Minea^ S^, praj, Snr^, PubL 3^ pi. f, iheat 

Lithologic maps also afc ckwily related to liUicifucies maps because they 
sliow the idatiotis taf strata llaat might be classed as Lij:h£>60mcs whose ^Tstia* 
bit: de%x:Iopm.«it cowJi] be utilized to divtingnish iLthuhicic^. These mups; sue 
most Useful in indicating llic stratigraphii' details w'ilhm thick IictCTOgiCOCDUs 
fDniiatioii.1 wiicKc strata art; sui irregular that ^iatis Fact Dry subdiWsion into tea- 
sQimbly Lxujsjstent mciuhcrs is not p^^ble. 

\tap^ 

Lithofad^ and other related mups arc diagramatic presents Lions of hietiial 
btliologic tbtiit and biologic data mav seem to be amenable Lo somewhat 
similar Ucatniesit by somewhat siiniliir mcthriids. Atttiiidyp Iiowcvct; biologic 
data present a inuLb mure complicated ptobltm because tlicy ate le$s tasy to 
dassify or express iu quaiititativc terms mid thdr msmhigs arc much Jess 
certain. The mcasureiiimti to be employed ui famf^acics differeutiatioii are a 
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particular sinircc of difiiculty. 'ITiose that have been ^u^ested and used to 
some extrat arc [ 1) geographic distribution of spedos^ genem,, or other 
tuEODoink groups ( we Figme 133, p. 32>)* [2] tinmUei of specie* rupreseul 
iug selected taxunomic group*, (3) tiimiber of spocimras nipTeseniiiig 
sdeetixl taxonomac gmups, and (4 > weigh! of specimens bcionging to such 
gmujw. The imkrai nn distinctiam betTseeii scry rate s^ml wry cofutnon 
fossils* Counts of inciiiidTiah may be satirfactiJA- for gustrapods, horn cqraJs^ 
and other fossih that commonly occur whole, hnt not for brvmoans and 
ciiTioidSt 13rely found entire, for trilobitES and ostracoda that moulted, or fur 
colonial comls that might be counted as one nr many iodividiials. Fimlly, 
little or no imjxirtance can be atbiclicil to the relative weights of such dispa¬ 
rate fossils as, for example, biadiiopods or pelmpuds and fotaininifcTa. 

■^rhe niappiiig of at^s kige enoiiglj to 
ibuw much m the wav of fades diffei- 
ences dqjeuds iiLiiiily upon subsurface 
records. Esttii the best cuttings -and 
cores from wdls caiuiot be expected to 
provide cepfcseahativc hm-As or floras 
except of microfossils* Con^ctjiiCntlv the 
actual basis fut biofadcs U severely lira 
itecL Alvri Uic variable OLciirrence of 
fos'iils in the different zones, that eomti- 
tnle movi' *tratTgra[jliic nnit^ is almost 
sure to obscure interpTetatious. These 
arc serious difficulties but the situation 
is tiot cntiroly hopdess. As ibc cudrou- 
mcntal rebrirms of tosjih arc mure fuUv 



detenumed, a better ba^is will be pn> 
voided fur the differentiatiun of Iriafaeres 
that are likely Eu have !^mc meaning at 
least in of outcrop wlicre reasoih 
ably complete collections of ferssih can 
be obtained. 


Flgufv 263, A mii«^-g«nflializec! 
CEnd &imp?Jfwc£ p<ll»tffdonic map jJiqw- 

kg areai of prorvouEtcad upEHt ortd 
dflfirrBKiipm in wtiich HYo^ntieit ecci>- 
pfivliiif^l duHn$ FinnivEvqnlitn orfd Psr- 
mloii ^hme fn Colomda and f^iA^grhboriflg 
ffaleir Much of 1 ^ 1 “ NnniyjvOnian and 
Fbrmion sedimenti dopoiileci oLftvde of 
this Birapontfl bP-iJot COiliiit of mof^inoE 
i^Hinnv, dflli^LCr oftd coDT^e inoo-rtto r!nt 
malfif laE fw? Ff^oro 267, p. M7l. (Aft«r 
litvey, 1958, tivt^ Goot Soc 
vol. 69, p, 1159, fig lEj 


Pcdcoteutonic Mfljps 
Palco tec tonic map? present inltrpre- 
tations uitlier tliaji factual data* TliLv 
are dosdy related to paleogcogmphic 
maps bub imtead of shtrudng geographic 
relations as these are supptised to have cristed in the geologic past* they 
attempt to indicate movements of sulisidracc and uplift tljat ultcrcd 
geo^rjpliic rdatious (see ^■igllre 263^ also J'igute Z26. p- SV7}. Mosl pa.(ct> 
tec Ionic maps arc crude and much geiieTajk&l representations bas^ on 
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strati^ plijt: tkhi that have not been carefully afiahrzed. Fcrlistps gits ter 
ptedsifm could he attamerf if litliofiicies aiid isopacli imps were first etin 
stnjctcd and usfd iS ^idcs 111 tliek prqiarahtFn. 

So-calkd iectafaci^H tiuip^ leiierulU arc only jncompkte paIix?tcctonic 
niups. They 3fe nut Otjmpaiable to ollici faciei niapi becauM^ diffcrentnitiini 
of facies h almost wholly interpittativc unci based on littk more than 
rt^winal vaitalians in thickness of the stTiitigTapbit sectioii. They are incctiu- 
plctc becauie ihey art concerned dmly with areas at subsidCTicc where sed^ 
ments accumiiLittd and have been presened. Interpretations of itplifted 
regions are more uncertain* but some evidence of ceuidiift}n^{ and liappeniiigs 
in thcin is provided by the sediments. More complete palcotccfoiiic Jiiaps 
rCEjmre a broader as well as more detailed coiisjderutjim of stnitigniphic ebta. 


REPRESENTATIONS IN THREE DIMENSIONS 


The thini dimeiisioii In diagrams and maps oscfcl in stiatigraphy that 
suppleuient^ spatial or direct]iitt;i) relations in a horizontal plane m-ay be 



F^gurv Cantoured «<quat-D,Ftfd 

pc^ar-HCCKirdiFMi}* d^lagr^nt t^owlMg tht 
DFhentalion ol ihe ^ort £>^11 &f IDO 
pvbbliii in •aEaCidr Dufwmh stuerveif \n 
WiWCtiiJrt, Slighr imbrication In 
o dbftirfiDn k Jndicoted 

Sim Nor planing at ilw lon g a-oi^is ikowK 
CfisiitatiDn kn l+i* cppmifm dirBctian. 
TWs canfomu Prifh itudl*! of rfeltq 
frav^li QfMi jMJTia ^o #iloblkli O ixmtK 
«CEtBJn dlFBCtKHI d ftow* tA 1+r» STTEafn 
That triimpOJi*d th*i^ p^bbltn. ^AHBP 
Kivmbotft, S^39, J, GmfA., tol, 47+ p. 
7 e 0 * fig- 14 J 


mcasiJTeinents of [1] angtilar mclma- 
tion m 3 vertical plane, (2) sutfocc rdief 
UT delation. (5) depth, or (4) tiitcb- 


Polor-Coordmote Dfagroms 

PoIaT-cooidinatc diagrams lire paftiert' 
larly wcH adapted to showing Uic onen- 
tatiori of lines, planes, and uimminet- 
ncal bodies in three-dinitmionul ^paee 
(see Figure bl, p. l^Q). Such orieutu- 
ti[jn also cati be indicated tmdeiy in 
ordinary tw^O'CcMitdinate diagrams but 
tlie^e do Tint rev'cal reJatioos clearly. 
Various siandoid sphcrtpil projcftions 
iTiight be used^ hut an cqitahara polar 
diagram h most convenient because a 
scattering of poiiib cm be converted 
easily to rmmencal data. Disgrams pro 
duued by contouring these data show' re- 
la l tons very' plainly and uukt* v-nual com^ 
parison easy* 3 * shown by Figine 264 . 

Diagtams of thiv type add a tlurd di- 
menrion to data that uiighl he pesentd 
tu rose diagiarm. They have been used 
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Gidmshrdy in stmctucal geology- to indicate such things the dir^tiot! arid 
dip of fCiinh and nrinus kinds of luleation And in petrugraphy tosfiirw petro- 
fabric relations. Tlje ktter applicaimd patttcularly may be useful itj stiati- 
gRiphit interprefatioii tu deltninine, tor cxattiple, iht directian of sedunetit- 
deposttmg currents as shown by the uricntatinn of sand grains and fossda. 


Maps 

All geologic maps arc h^^cd on geagrapliic mups lliat indicate various rela- 
tions either as fhe> exist today or as th^y are tuppr^ed to ha^T existed at 
some time in the gefilogic past. Ar^] geologic maps ate essentially two di- 
mcnrfonal t>ccansc they' are concerned primarily with tiit relations of surface 
geologic features to the hoTizontal dimensions of modern geography. A third 
dimtiJSion is suggested^ bow^cvetp by the structumt rebtiuns which are itiore 
or less apparent, stmctnrjl features and the ttiird dimension in geology arc 
more clearly expre^ed in areal geologic maps if tjic&c featnres cati be re¬ 
lated to topography, which is the tliLrd dimcnsmii indicated by some geo¬ 
graphic maps. Other Idiids of geologic map.^, of which stniLtnre coiitDirr and 
kopach maps .lie the principal examples* ate dcsigtitd to show three-dimen- 
sitmal features. Iliey are much Ics:^ closely rob tod to geography except for 
the location and orientation of tliese featujes. 

Relief Maps 

Many gcographit: maps, particularly srmilh.scalc otic$ devoted to large re¬ 
gions such as whole coiitiriciit* or coinifTteSr pr^wide same genmliTx^ indi- 
carion nf topiigraphs. SpecialiiLcd relief mij|is, hnwesxT, arc cleslguc^] to ^liow 
the fomi nf snrfett features iu much gttitcr detail. Tlie most perfect kind 
indicates topography hymeam of contour Imo and makes the best for a 
detailal areal geologic map. In a siinibi wajv the dqith ol w^ler can be 
shown by contours on ^ hvdrographicmap. Relief features of both land and 
stibmaTme surfaces also can he shown bv shading or tiaehnring but these are 
luoie generalized coni'enhons tliaii ate ctiiiloLus. Shaded or liachurcd maps 
are less satisfactory a.s geologic Ixisc maps because patterns or Colon repte- 
sen ting geologic fejitnres are likely to be obsetued. [fadunirig, however, mav 
be useful to indicate toputgraphy on Tectmuaissaiiee geologic maps if the scale 
h smaR or better topograpTiic data art nr>r aviibhlc. Also haehunng can be 
employed advantageously to show gcncmhsced features of relief on paleo- 
geograpfiic maps. 

SiTuctufol Contour Maps 

These uiaps diow bv meam of contours the position of some particuki 
shatigrapliic horizon with respect tn a Ncli^cted horTKOnful plane, mexst oum- 
monlysea level (see Figures lOTt p- -80, and ISUC^ p- 486), 'Hie assumption 
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gmenilly h inodcr that difFerences in elevation of tte coirtourcd liorwou 
tccord tectonic mcnemt-nts and that w-arping or folding ha^ displaced Hie 
horbott ficim an originally hoiizmitai po&itkFn. Although this is true in a 
gciieml way, it is not ractly so because tlie tiontoured horizon probably 
never wis perfectly horboula] and diffcrenttal compaction of tmderlyiag 
strata probahh accounts for part of the inequalities of elevaUoii that now 
occur. 

A straligtapliic hon/on well adapted for sLmctural coniouririg genenilly 
(1) is maiked by abnipl and conspicuous Jithologic contnuft^ (2) h bc- 
liex'cd to appix^i^Tmafe a time plane dosdy, and ( ^} ii present m the siitaui- 
face thrfJVTghorrt the area to be mappetl. The advantages pnnHdcd bv u sharp 
and clear contact are obvious becattsc recognition in well reconJs is reb- 
tively easy and certain. Such a coutacL howeser^ is not Adhere avaih 
able. !f it IS necessary to utiliac a more obscure horizon, exact correlations are 
likely to be correspoiidiiigly tcs% sure and the structure may uot be ioter' 
preted accurately. In eilliei case the contoured horizon may transgress time 
planes anti, therefore, present a sonitMrbat di.sttnted guide tn teitouir move- 
ments. Even thnugli Uie liodzau tnaik^ a contemporaneous depositional 
sTrrfacc, this almost rertaiuly varied in elt^'atiijn from place to plaDC. Aho if 
the horizon is an imTOnfarniitj* its stnicttjte mav not be exactly parallel 
Viith the stfiicture of cithCT imderlying or ovetlying strata. If the horizon is 
well dio,'ien and curefuily traced^ however, discrep^iuacs of these types Ordi^ 
nurily are not serious. 

Goutoured maps are better siiire^l u> show gqitk ^iEnjctiire:^ than are struc¬ 
tural crosi seetious because die latter require veitical Mi^cration to rnoke 
gentle stnjctiiral rclatiojA clear. .\ contoured map also indicates the ^tmetme 
of an arta conipktdy and it is better tluiii a •wnae% uf anv iiuluIkt iif cross sec- 
ririns. On the other hand, a map of this kind presents the structure of only 
rhe single conroured horizon whereas sections show the relative shuctures of 
all sttata. .More tlum one let of structural crnitours can be s^upenmposed on a 
single map but such a emnbi nation is almtist ccrtaui to be ctmfusing and 
difficult to read. 

The accuracy of stiuctuial contour maps dt-peuda upon the adequate pnm- 
ber and proper distribuliou <rf coiilroh lii the form of wxll records and out- 
aops, 111 some areas the contoured horizon miy not be reached by wdh at 
mtioil places. At oHicrplate* it may Imve risai above what is now- tliesuTfuet^ 
and have been eroded. W here the pusitkni nf the hotizon is not known 
from direct evidence* it must 1 k" atimatud on the basis of the observed posi- 
tifiTii of higher or lowei horizons and the thicknesses of the mrerv'ah itmi 
separate them, 't bus stniclnral contnitrs can indicate estimutinns of eleva¬ 
tions far below The reach of the deepest wells and above the surface of the 
earth. If csfiTiiatioiis i?f thu kmd arc made, the possibility must not be over¬ 
looked that intcrv'aU beH^xeu liorizons moy vary in tliicknm from place to 
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place. If the estimation involve much uncertaiiitv, it may be pieterablc to 
show the stnjctiiTC of difietent j>arts of an area by coutotire ckanm otl differ¬ 
ent horizons whose c1e\'alions can be dctemimed witlx greater accuracy. 

Basic procedures in llic contnictiun of structural contour maps arc vay 
simple but the actual practice is an art. Pint the contour mtnval b chosen. 
Then short segments of llic proper number of contours are located between 
adjaemt control points as indicated by elevations of the hoiizon at thijwc 
points. Finally segments repnesenting ec|utvalen( eles-atiuiis are connected. 
The spacing of contours Ire tween control points and the courses of con toms 
between the segments so spaced may be done almost mcchanjcally, as shown 
in Figure Z65, or they may lie governed by the judgment and expeiieiice of 
the one wiio makes the map. Afaps produted by different perHins may differ 
greatly but all are tediiiically cottccl insofar as the actual direct n idenee U 
conccmiid. Nevertheless, one map may be sirperiur to another because it in¬ 
dicates more natirral or more probable stmchiral relations nr ctm forms to 
structural trends that are known in bechanetcristk of the region [see Figure 
266). Except for small-scale or obvious h generalized structural contour maps, 
all control points should be indicated so that the viewer ran .vce w'hat fea¬ 
tures of the map are deffiiitcly fixed and what details miglit be interpreted 
diffeieutly. 

Table 22 shows relations bctw'eeu dtHeientes of elevation in the distimce 


Tafrlw 22. R-dntiom Betwcoa StuuigmfTfiic Dipe Mcaiiirrid in 
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of out mile, as indicated by struchiml contoim* and the aiigtilar dips oE 
strata. 

hopdcli \faps 

Uopacb uiaps ilunv the thicknesses of stratigraphu: units by nioms oE 
contours (see Figun: 267* also Figuie ISQD, p. 4S6}. Measurements are made 
veitically^ If strata gie not honzontal, this results m some exaggemtioa. 
Table 23 indicates the discfcpandes introduced by increa^ng dips. 






Fiflurt 265- Slfl/cturial ooniout map bawd on Cmi< KIo. 6 ^pBnn.) 
In porti qF Sotm? firtrf Ga^krtrn countns of wyfFwm llEmcii drawri an □ 
Wie-fflllMK^Iofi Npw grid, fhh ii Cin ffsamplfl of tnec^ankol «nrdurlr>0 
Fo \tHiia or ru^ txtftndwtnfkm girwi NJ otr^hSng e.tc«F^ 

Hlevtirioni at Ecatlewd focoNti*t 11 h toi-Wid inaoFor di rtiii informot^ 
ii cofifiePTiflci- Thii mop, tioteovir* ha* o y^■^¥' Ortificlol OppvDra-rhc.e^ ondl 
ohmr ptot%dti on ^noctitral^ ^oprewntotian d tHk aintral 

■HliCturB. (AffBr Cadr. 193®, IlL Gtof. Suf>., Grt joap IJ 
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Figur* Struciijral ccntqyr map bai«d an Cadi Ha. 6 fFcnnJ 

dF the id me area iha wn lln Figure Thiii map k bpjini on 
data extapT for the addjtit>r» of ow elei^lian on lOp of the Omoho 
dome fuTTiiilied by later drillmg and the eliminotion of one doiujfi 
point irf die squtfieaiiBrn pan of the mpp that ieeittx ta hove been 
miiJnTvFprated. Thli, however, hoj been dro^n to fafTFomt wttN 

slTDCuTol rmndi anif reJaTioni qi they or® known m fhb part of |||t- 
noiE. ll irnmlnE ifitiifpTetcihQnE and may be erroj^eaut m detqjff, but 
probobly It hidJEotei actual liruEture mof* a-KUrafely thim Hht othtf 
mop. 1 Baled On ckria From Engliih and Grogan, Sfrucly/tf ol 

rypicnif ^meritoir oprUey^ vot 3^ p, 2D3j fig, 3, ond Swann, 

Suf/. ArIh AeieOC. Pvttafewm GeaJ., nti- 31, p, 336<^ fig. 4J 
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Maps sliOTiving the tnie thkknsses cif ^tiat^Taphic untb istattkl he useful 
ill $<irrie stiidici but thdr piepararion wrnild requiTe coasiderable otlculatioTi. 
Dips gciitTally aic su gentle in areas ulkere strata are mapped hs isopachs 
that most discmjKincies are unimpoitant. Although tlic ittggestiem ha^i been 
made that a differenl name be applied lo tuitps sliowing ista^emtcd tliict- 
nisses of dipping beds, almost all su^callcd tsopaeh maps arc Of this type. 


TasL£ 23. Locr^aac in .\pparnTt Thki^p^ of S^AJta 

KmtCs iti rliTTutl^Tn 
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Isopacti maps shmA-mg vertical thicknesses are mote useful than tiue thick- 
ness maps because of the way in which they are related to sltuciural contour 
maps. TTius. subtfactian of \ht elcvationa provided bv one structural ttm- 
toui map from tliose provided by another pniduces ihicknesseii that alJim' 
the construction of an Isopacli tnap of intewening strata. B) re^'Cisiiig this 
process and addaig thicknesses shown by art isopach map to* or subtraebug 
them fOTO, stmctmal desatioris, data arc provided for the construction of 
another stmclnral cnntiinr map of a higher or lower horij^on- 'Hiickncsscs 
indicated by isopach maps generally are considered to be appm^iuiatc meas¬ 
ures of subsidence iivilhin a dcpcKitional basin during the time required for 
acctimulation of the strata. This is not nccc.'tsarily true btxause depositicmal 
surfaces probably were not esEaetJy tioriaontaU thicknesses may have been 
reduced bv emsioji at an uncoiiforniity, and compaction of sedimenis eer- 
taiiily occurred and may hav^rtmUed in irregular thickness reductions. 

The cantouriiig of an isrtp^ch map coniinonly b more simple than the 
coiitDiiring of a slmctunil map bcGittse vaiiations in thickness are likely to be 
gradual and hiiiy tegubr. llic C'Tntrol points ft bei^ the thicknesses of strata 
are accmatcly knoim should be indicatttl on all detailed isopach in^ps. 

Ratcj> Elf stratigraphic thickening or thinning are shmm by the crintour in- 
ter>al and the spacing of the contouis of isopach maps. Relative rates are not 
indicated and this fad may be overlooked, Tseipach maps of two formations 
ranging respectively ju diickncss from 10 to 50 feet and fram 1010 to 1050 
feet would show the same amormt of v'ambjlity. Obviously, howevciv vaiia- 
biJity of the thinner fomialion b lelatively tuueb grater. Differences in 
thickness can be ctkubfed easily as percentages jiud contoured to pro- 
duce maps cluiicly related to tsupadi maps (see Figore ISOD, p, 486). flntJi 
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kiapacfl mop aJhowIng thickflbi of Pernify^vqniQrr nmi Parmitm ifiTjro 

.. • 1 '— x^orncri region. IrregiiloritTC* in thJdmeu hcTs are r^ljotsd malftly to te^onk 

do>inTwpippng In the P'ofocfM; boiEn. Airowi show thn dindtont of mo¥smetTP of ted^mefiP 
cor!iBtin9 of oikotlc motorioli dnHvod from the oorttieoar ond qtiDi-rz londt derived from 
th* w«l and »uHiwcsf. IntaH^ngering ai Theio Mdinri^is oocuri m the cenProl port ol the 
region, {After Wenger^ ond Motheny, !958^ Au/f. Am. Assoe- Petio/evm voJ. 42^ 

pp. JS.l 


linds of triaps sliow the same traids but rate-of-thirkmmg jmp^^ are cou- 
toirred tfi ^ tnare significant mea^nre oF vRimbilifr. 


Perspective Dio grams 


Tfte pictOfial qmlth' of a diagiam ii> impiDved greatly by the intn^ductiCFn 
of ptTspcctiver At tJic ^mt timc> stmie corresponding sacrifice niav be in¬ 
volved making tlic diagram less suited to the prEsetihition of detait^ in for- 
matinn. lliis sacrifice comttponly is related to the matter of and most 
propective diagiams are much gcncnilKed. They are best adapted, therefore, 
to the tllustratton of geologic celotions m such a way timt \hcy arc qcuckly 
and easily understood paiticulaily by persons Vkho are not accustomed to 
the conventions of other types of geologic diagrams. 
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Normdi Fdn&l Dmgrams 

Panel or fence diagrams arc conibniations of a map and gctsfogic cross sec¬ 
tions. \u normal panel diagram:!;^ llic map is a true plsn prcnidiii^ undi'S- 
tortcd horizontal dimeusicpiis. Tlic triirrl dimeniiou h himislied by f^tions 
that ajc ]oersted on the tnip in tlidr ime pf^siiions. Thej’ may extemi in -Any 
direction, intersect, and branch. Depending upon ctmtnjh. the\' rmiv mate 
almost any tind of pattern (vec Figure 268). 

Cnntrol is prov ided by stTatigraphic columns conmionly derived from wdl 
retards. These urc dia^vn vertically on the diagram so that thev extend either 
upward or downward from the jjoints niarking llieir loearitiiis. iL is mo^t 
natural to c^tCTid tlie columns dowTiivard from tiie nuap bnt^ w^hklievcr wav 
thev may' he lirawTi, appear to most perHjns to rise above jt„ 'flic vtra- 
trgtapliir units of adjacent cohrmns art tlien cormcclcd and distlngnished 
by appropriate patterns. TIjc wetinns thus formed are true to scale, hath hori¬ 
zontal and vertical^ although the latter geiicraily requires emggeratiDn. 

See Hons that extend fnmi left to right laterally arivss the diagram arc un¬ 
distorted. ForeshDrtenmg:. however, results m distortKui of otlici sttHons. 
This increases with thcanglo at whicti the sections He, mid Qiose that extend 
vcrticallv on the diagnun are reduced lo lines. Consequently the map should 
beorieiitul in sudi a way lluit mo.st of the sccrions extend as nearly Ititenilh 
as possiblcn Directions should he clearly iudicatod on the nuip, 

Isometric Pmd Diiigrtmu 

Tht^c diagranis differ from the bst in the treatment of the base map. Tl is 
redrawn in such a w^y that regubrlv amiiged gnd lines, mt€^^^eefmg at right 
angles on the plan, meet at angles of abrntl fiU and I2il degiexs. Tim pi^j- 
tlnces foreshcffleiiiug mid luakes llie map appear to lie at an angle to the 
plane of the diawing ^sce Tiguic The perspective effect is propm- 

tiiuial to Ihe rhSerence between adjacent grid migla. hi such a map all hori- 
jorital angles itie distorted ami horii’milul scales STiry:. Before the map is re¬ 
drawn if should be oriented so tliat tnost of die vechons cxttmd latcralh' 
the diagian] because the;, become progTtsxjvelv foresh<3rrcned j% thei' 
approach the vertical 

.'\ii i^ometne panel diagnim iniiy l>e siipetim to j noniiid one tn pktoiial 
quality bcoim^ peispecrive is accenimted. Djc vtrNcal scale of all sectians h 
uniform, but tJioie di^tgriiini have die disadv^mf^e uf a variable hori^^uutijl 
scale. 

Fi(jurfl 3^S8 fappairfeV. P-anei or fcrrcfi dZtjgnom sKowing rhe bloml (^nt^/fonijuing 
Faironi oF Fermtoe ilroio of difforerti lahalogic ctnjroEilcfz in oori of ttw fiatkf Moujiioit^ 
rEgiqn, Thii diogrem ii tKiHid upon u gfFographk map prei«nv«d fn TruE proUortkHii, The 
top of todi itmtigrapHk column k cafrKlIy localEd on thk mop sa tfiot iht gea^grc sec- 
tlflfti lie balaw lAftar McKoEvey and odreJ^ 1^5dr Am. Auae. Hfroitum CfioL ^1. 
40. pp. 3030-3531. fig 3 3 
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Stcrea^^iphic Pixnel 

If isometric diagnims rqjresent recta ngular Sireas^ tliw seem mi natural be¬ 
cause there is no foreshortening iu depth or apparent distjmct froni the oh- 
sen^er. This can be oi^rcDine by steieogi^pbic pro]ectioti* which gives the 
effect of more perfect perspective. In sterccgraphic diagnirns, pamUd liiie^ 



R^urt 269. P^Tlol dhagraTn ihowing eulIKnt tho sam^ of simligniphic 

ittCttonK atunrarvd m RgurB 260 boifid Qf\ O d^OflCrnaj tsamplricallv pinjocted mor>, 
kcainA of 1+Mtir difftnnl anonrotion wilh reipKl to tha vrawar tame of these mc^pdM 
ore l*U ortd olfiefi orv fnote Fqreshismi^ed ihcrrt fn (he tither figure. Thflie Hcficmi 
appear lo rise above the map bat oi^taolly ihty lE« below {%, 

lying in any plane converge and meet at points upon m imuginary distant 
horizon^ iis shovTi in Figure 270. All asiglci ai? distorted aiid fieither Imriztm' 
tal nor vcrtkal scales are constant. This type of diagram is rardy used for 
pand diagrams because nf difficulties of constructioti that generally ate not 
compensated by any noteworthy advantages^ 

Ribbon Drergrmuj? 

Panel diugrams show geologic sections ngzagging from control point to 
control ix>iot in an ijTtgiilur angular rtianTicT. In a ribbon diagram branching 
and intersecting sect ions arc omitted and the angles between otbeis ate 
rounded out so that a sitiglc tontmiHias section b pi^entud that flows in 
graceful ames aciosf the map {see Fignre 271Ribbcii] diagrmrs can be 
constructed m c^oiiformlt}' with pknCp orthographic^ or stereogmphic mnp 
projections^ 







GRAPHJC REPRESENTATION 


651 


Block Diagrcims 

Block diagrams ant perspective di^winp of solid bodies tliAt represent por¬ 
tions of tlie earth (see Figure 2D, p. 73).They arc the most realistic of all 
geologic diagiatm.They are eseellently adapted to shon'ing the generalized 




Figum Dicrgiunti sho>ff3ng nf cotistrucfiiill of blocbi In 0 fi*-painl onti in 

rwo-poinl ponpMtPVB. blneikf of ih* Soiw type PIMIBSI upp^r Hirfocei tliqT appenr to 
curvB downword TOMnrd thA vitwcr. tf truo penpvctivs k fp ba atfaincif^ al( vprttcol 
ihauKdi coov-rrgo lorwofd tHitnnt lawtr potnli^ 

relatiLirui of geology and toptipaphii? fd«?f tp stratigraphy and sinic- 

tuic. An DidiniU)' block diagnrm shows a surface 1110 and hvo geologic enus 
sections on the forw’ard vertical facts of the block, ft i$ possible to produee 
many sariations, hon'evtr, by altcting the shape of the block so that other 
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tccUom 3R2 presented or by dividing tlie bJock into parts and offsetting tlieni 
(see Figure 272). 



FEgure 272- Blodi dbgrom topography and subturf^ce 

geology- Tk^ block hai been leporoted ol on unijonionnity and the port* 
kave boen ditpEoced To re<^eof moi:'e of the geology tboni Eould be Indlcofed 
ofctierwuB. The prcjecttoii here ii liotnoldc, bul t>ii^auf.e the block tlOS on Er- 
re^ular ihnpe it doOi not Oppeor to bo distorted. •LAfter i-ow. I^SOr f^bivrfdco 
geologic meillbotU^ p- BW^ fig- by pomibiion of the Cobrodo School of 

Mlnoi.] 


B1{K;k diagrams may be constructed by either isometric or stcr-eogtaphic 
projcctioTi. Tilt lattCf metbod h more coinpki and llie are more dif¬ 

ficult to drawt blit the better perspectiv^e tliat stercographic blixts provide 
makes them supcrior aiid tnore effective [?ee Figure 27^)- 


Figvro 27 T EoppOitM. Ribbon dingrojn ihowEirg tha iltahgraphtE Felctiorift ond lot&itt! 
VOTiation^ in rhe Farniion rock* 0^ V crk&hire on d iha Ea^T Midbndin Englond. A dtogi-om of 
thii type mMch the lania pvrpo^e OI O panel d^ogriim. Thii one U bo»d on s geo- 

giTjphk mop b Irue proparHoni oi indieoled b *Ke in^. iAftar ^wo/di ond Trottof^ 

Ajrifbh Begionof Ooo^ogy^ The FenOrnii arrd odjaceni aj'oair 3'rd od.^ p. fig. 23^ by per^ 
miivafi af the Coniroller of Hof Briionnic Ma:[*iTy'i Stationery Offke.7 
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PHOTOGRAPHS VERSUS SKETCHES 

Good pttotogiapbs at? the most perfect of all illustratitiTis. They aie not, 
hovvev'cr, tht best illustiati(jns for nisny puqjoses because thc>' are nonsclec- 
tiveand show aTl fcahues in as much detail as scale, distance, and conditions 
of light and shade permiL If attention is io be diiected to certain aspects of 



ISOMETRIC PERSPECTIVE 


273. Blodu droiivm in Iipniptric and bf pmpacfbti. Thfl 

pr&fent^ o^cql jr(uikHt of dtstartian nltbou^ the dfemensinni: of lh« 
block actuolty uniform. Tliii c^n be ^voided ccmxtriHlioil of d bJock ihot 
dool irofl hew a r«Qular fvetonguiar uppnr mdocE. 

a photagmph, it inay be tiecesywy to ideiftily them in stinie way or to aecen' 
tuate them by retouching ao that grater contrast ta achieved or sharper 
coutachi 5 ie prmded. Porpr phntngniphs generally are wuii^e than uadi^s 

Amal PbotogF4ph% 

Many acnal photographs made in areas of moderate to higli relief slio’^v 
topogtaphic and physiographic feahim with great clarity aud detail. Even 
ill such arcflSr hmvcvur,. single photographs tnay fevea] little if thq- wezz made 
at mnliLiy whm tlie surface of the emlh was c^etdy lighted and shadows wcic 
not dc^tdopei in areas of low itlief aerial photograpliis sliow little be¬ 
sides vegetation patterns, drainage lines, and cnltoml de^eiopTnenb. These 
are likely to oKscure featnro of mote significance. If details other than to 
pc^aphy arc of mterest^ sketch tnaps generally are much superior to photo¬ 
graphs as illustrations. 

Land^npes 

Although few landscapes Can Itc dc$etibcd brieflT and one gUmA Jlliislni- 
hkjTt b worth many wor^ the heil photograph or sketch h inadequate be- 
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canse nurhin^ can suhstitntc for the sweeping view tlut is obtained by on 
qhsewer on the spoL Except for panomnifis. any illustiatioii represents oiilv a 
more or less narrow aueular fraction of a view and it may be dusppointiiig 
because the relations of ibe features tliat it siiowj to otliers on dtficr side are 
not revealed. Even pajiaraiuas generally fa5 to pmside the sense oF direction 
that is necessary for rebting the s-aiied Features of a landscape. 

The effectiveuess of any plmtogiaph is heighteoed by contrast and good 
composition. Conlrastuig features of outdoor views, bowes'cr. mav have 
little geologic significance and artistic composition must lie sacrificed, per- 
tiaps, in order to bring points of geologic interest into prominence. Photo- 
graphs rapidly decline in effectiveness with lessencd topographic relief anti 
distance. Tfie geologic characteristicK of many landscapes arc less satisfacto¬ 
rily stiown by phtitographs than b> accurate skctdies which emphasiire some 
futures and omit confusing details. In general, simplt sketches are more ef¬ 
fective than clabmate ones. 

Oiiterop.v 

Most ordinary outcrop photographs are uf little mtetest because thej- do 
not show' much more thim hodding or weatliering citaractciistics and ilicsc 
can Ik duplicated closely at tnaiiy oiitcmps of nciiiy ages. Oukrnp illustra¬ 
tions generally are supeifinoui unless they reveal such details as unonr- 
fomiable relatimu, note worthy nregitlatitic of stratification, organic or 
ccracrclioiiaiy itructtues, or rjtlier distmetne features. Tlicsc conunoitJy can 
be indicated more effectively in sketches than m photopaphs. 

Specimens 

Specimens or details of sediments or rocb that arc to he Jlhistratcd nat* 
oral size or at only moderate reductiomt or cnlTrgeiueiits are best diown by 
photographs. Tlie features of uiteiest gciicrany are minutiae of configuration 
or relatiojis that may be lost or diiitortcd in drawings. WTicie complete ac¬ 
curacy is desirable, no drawing can be relied upon because its fidelity can¬ 
not he evaluated and some features arc almost certain to be accentuated at 
the expense of athets. 

Microphotographs 

Photographs of many thin rectioos ate conhumg because of indistinct¬ 
ness. Numerous fcatuics are visible through a uiiiMscope where the eye can 
distingnish slight differences of slrade or color tliat are lost m reproduction. 
This is partieitlarly true of slides viewed in polarized light with crossed nicols. 
Many phntomiCTogniphs require labeling or an explanatory sketch tn nialce 
them understandable. If thLs is so. Uic actual phatc^pli senTs little purpose 
except as an inconclusive cheek on an njtcrpietation. 

Tlic pliDtographitig of small objects suclt as sand grains or foiarnmifera 
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uridcr a tmctcscopc poseji problems thai cao he avercotnii onlv with special 
equipment and the dirt^dopnierit of skill. Cf?nd plioto^phs aic much %u- 
peritutn drawings. If shsup fbcu& in dq>th E not atmiiiahlCp howevor, taie- 
full) made drawings generally are prefembtc to Ii^y pliDlographs. 
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Field Work and Geologic 
Mapping 


iVfosTsj^tCfTmtk field work is i[iideTtaken for the immediate purpose of con- 
stxuctmg a gcologii: map. 'I"his may or nwiy not involve the pienminatv^ stqis 
of discrnninatiiig the stmLigrapiiii: imibi tJmt irtc tc be recognized ajid deter' 
tnmiisg t hear stratignaphic order. 

All gcolugic maps arc Fundaiiientally ^likr in that lh<^ dioiv the %nthcc 
dlstribirriim of a inictessKm of diosen roct imib;, Tliey differ prrmcijialt\ j n 
the scale at which areal gcolag>' k reproduced and (lie detail which Cfmtrit 
uto to theiractTJiacy and cornplettmess. Tlie field wart necessari' to pnxlucc 
a geologic miFp varies gratty dqjcndmg upon (IJ purpose of the map^ 
(2) time available for mapping, (3) t>pe and scale of csfitfrig base maps, 
(4) charadcrand clmiate of the country, 15) tmaspoibition and living con- 
diHona:, and (61 constitution of the fictcl partj'. 

FIELD WORK 

hliH-U geologic fidd work hui been inotirate^I by ircientific ctm'oiirfy and 3 
desire In l«im mote about tlie camposition, stnicture, and hwtori of the 
cartb. "file knowledge so obtained has had great and increasing ccominit 
vainc and all government surveys have emphasised the economic impor¬ 
tance of their activities. Before the beginning of the present centime nun- 
govctirmental ceonumic ge<iiogy contributed little to the advanceniEut of 
geologic scicrrcc, 

6 ?? 


f 
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Ilje spectaL'iilor rise uf tllc petroleum industry' liiis coiiipictely jltCr&J this 
situutkiJi. Af lli£ present time ;i inajLinb uf all tculugiits ait coniiettcd In 
one v."jv araiiDthcr witli this ulduKt^^^ Prior tir the Sccmitl World War 
pttTolcimn gtxjlogy dsciiptivt; aiiii empirirj], M hrrit it irmii^tctl Idrgth 
ni fitJtl stifvcy^ and gtnlogic mapping—tlia8 is, it was eiiisaitklly iwinlinitii- 
^lomil geology. As iintuiines discovered at tlie surface were drilled, howxive:. 
and ne^v Oil fields bccanse jiiote difHcult to find, greater and greater atten¬ 
tion was tfevored tfj snlssnrfact ^tratlgrupliv—that is* three-diincnsional ge¬ 
ology. Tills svas sutxt^sivdv aided unpoitaiiUy by gravitaliuiial^ ^oid 

ntlier linds of instnimental vimxy^ 3od by dextric and other types of gco- 
plly^icJll W’tll ingging. The siKCcsvof thwc niethoj-fc lias been mck tlmt rruniy 
petmltnni gix^lrsgisls in ttie Uniterti Stiitc;* ntwart tio{ gF^lly toiiLertied with 
field w orV- 

Snicc the Second W'orld W^r. several of the larger oil companies have 
establisikcd geologic rcscxircli laboratories. These are engaged in investig;atjng 
many types ol scientific problcnm. It is hoped that tfjc results wlicn didy aie 
made known wil] benefit thdr sptinsxrrs, but tbey^ iirc cer^ai^ to be iTn]MJrtant 
mother geologic applications, llic fttjnencc of dinp'elopmeiir in the geologic 
activities of the petrolettm mrtii^tiy^ in much of the United States has pawed 
the field WTjrk vtage but \ms not progressed for in less dev^elDped tegioris 
and parriciiUrly in mnny foreign conntrics There Jhe most liirect and by hi 
the least costly method of acipiinng information ls geologic field map 
ping. 

Mining geology^ has iitadc fionic-nhat less progress iu both the icienlific 
discovery of new tuincral depubiti and the cpiitinned doclopmcnf nf old 
ima, Mtjat mines being worked loday were located oti the Uish of vmface 
oiifCTtJiKt md prospecting. .At present tnosl mining geology is in a }«isilion 
ctmiparable to the pre-VV odd War ft Aragc of pettoleum geology . As JcnowTi 
deposits are workcri out. lumeser. and new stipplics of i7res and other min 
erals art rcqniari, g^logical fidd sun^eyv augmented by gCQphii'Sical and 
geochemical Tiietliocb of prOiSpectnigan: being caJlctl upon iiictcasingiv. 

areas in the w^rk! todav aie totally luiknown geoIogicaJU . Only a very 
miall proportmil of the woild ouu.idc ui the iiiotc industrialized nations, 
liLwevcT, has been explored geologkuHy in any detail Kven In tlic United 
States large arm remote from flie nmie populous commimiries and rJie estab¬ 
lished oil and mineral producing districts me iiiadetjuatcly kufiwn gwlogi- 
tuUy. All cuoTinom aniotint nf gcxibgic wmk reniaius to be clone and almnst 
evetywhere it must liegfii with held ssirrt. Move and moie attention will fie 
desottri partrcnltrly to the les^ dc^dnrpeit pacts of the w'odd nunecal te 
sources OTc depleted ehtnvhcire 

CicolDgy iu ilL'i bmjidcT aspects is not an exact science It is too coiupleir 
and too few of dct;nU are availalilc to diiecL observatisin and studv. F.very 
additimkal outcrop tliat mm dcs-tlop atid cncli tiew^ udl that is dniled pfl> 
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vides stiiTic fiCili inftimiEitio« to sobstantiate prwioas knowledge in to sug- 
gest 3 diffcimt iiilerpict.itiMn. Restiidy of every area brings ness fiieta to light. 
Tlie tune may never come «licti the geologs' of aitv area wOl be tisniplctcly 
and perfectly understood. 

Tlie bw of dimiinsliing rcttims docs not necessarily apply to geologic 
field work. Tlie acquisilion of some new mfonrotion, attention to some neg¬ 
lected detail, or the application of some new idea mav at any tune result in 
a significantly bcttei uiideTstanding of the geology cif any area, bige or 
smail. Thete is little ptospetf that field geology' will decline ui iiufiortaucse 
m the tmeseftiblc future even though less is lieiiig done iit)w than in sonic 
former years. 

Tfie Vkfd Geologic 

A nujiiher of special qualities are requirixl of a successful field geologist. 
Among the most iiiitiartaih arc 

}. A sbtmg physique. Field geology is ,i stieniioiu. occupation. It com- 
monly requires rinieli walking and eliiulnng in diffinih terrain anil nthet 
forms of susiaincd physical erertion. .\liility to svitlistand fatigue and rapid 
recupeiatinn are essential. Without them a geologist's enthusiasm ftir his 
work is sure to diminish and his oteeriatniiial abilities arc quickly dulled. 
J-'fliciency requires coutmuous iictivily w'ilhout fixating effort, interest, or 
yttentioii to details. 

1. Knowledge and love of nature and an Lmtiloui life. Tlie great altrac- 
tion of field wsirk fur many geologists h its outdoor nature anil its frecdtnn 
from (he confincmcnl and inutiite of an office or a labftrahuy To one who is 
interested in natiire, field w'otk is nes'ct thill. Every situation puivides somc- 
Ihing new and sthnulating whcthei it is dinecfly related to geology or not. 
Field work In most populated regions entails few' inami'cnienccs or dangers 
hut ill wild or remote caimtis' self-reliance in <w'Cr\' respect is of the greatest 
imporfaiicc. Depending upon local circumstances, ptuficiciiey in woodcraft, 
hinscttiaiiship. I he lialulling of canoes or utlicr small boats, and the care of 
motors may lie essential f<i sucqesfuJ work. Mw> know ledge of firearms, first 
aid. and >irnple medicine may Ire required to iu.sure peisoiial safety. 

?. ,'\d<i|rtahility. laving atid wmting conditions in all kind.s nf country 
and among all kinds of people demand adaptahility in .1 high degree, Tlie 
ficki geologist must make tlic best nf all riirciunslances and be willing to ac- 
cepl ill good spirit uiconvemeuces and disconiforts wlicrc these caniiol lie 
avoided, raiiicttlath m foreign lands, standards of living arc less high than 
those to whidi he is accustomed and dimate may Ire less pleasant than at 
his home in a temperate region. A smtaiiied and synipatlictic iuterfst in the 
people among or with whom he iiutst work and in their country can do 
nnifli to lessen the effects of tn ing iiTiiitfamiliurcmidititinc. 

■4. Basie training and espcritncc. .A field geologist's enthnsiastk interest in 
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lus work j£ taken for jilted because witbnut tiiis ins accamplisiinieiics ate 
not likelv to be satisfacton', lib Ltauiiug sLiould be Inroad and intiludc a res- 
sDiublvgcod foutidatinri in all n{ tbe tnajot biatiditn nf gctiltjgv', A libran j.i 
laraly within lib reach and consultation with speciali^b gcnerall) b not pos¬ 
sible dining the course of field wort. ConsequenHy a field geologist should 
be able to rccogniw and cv'alisate all kinds of geologic ei'idence or he b lilteiy 
to r^verkiok features of great significance to the ptobleius under investigation* 
Experience also is important but this can be acquired onlv m actual ptac- 
tice, Good field procedures cannot be UugUt in the clasrroom nor can they 
be gained by leading Ixxiks. 

5. PLuining and escciiUve ability'. .Ml geologic field work reijiiires care¬ 
ful pbiitiiiLg, litith advance plimning for an entire projed and proctdiiKt! 
planning nf day-to day activities. The efficiency of field work depends iipon 
vising the uvailable time to the best advantngo and conserv'ing efioil, T'lib is 
pstticubrly impertaot if the field party consists of several peisoiL? ufmse ac- 
iivitics must lx! LfMirdmated, \ssistants’ luck of expeiiciiee can he coinpen' 
sated only by the party chiefs ability to direct them cotiipetontly. i’Telitui- 
nar) planning for work in remote or difficult coiiiitTv which involves the se¬ 
lection of equipment and supplier requires especially ^oiuid judgment based 
on cjtjjericnce because the efficiency, cornfrirt, and even safety' nf flic party 
depend upctti it, .Adventure, which dn not always hirij out Inippily, generalIv 
ure the result of inadequate planning or poor judgment. 

6. Diplomacy and tact* Much geologic field work involves contacts with 
strange people and trespassing on private property. Diplomaq- and tact arc 
often terjubed to cstablbh and main lain guml iclatirim with landowners 
and other local people. This may he espedally impurtaut in clistunt tegirms 
wliete oiitiidcrs m foreigners are regarded with suspicion nr dislike, l^atiencc 
and tolerfliirc as wt:11 as diplomacy and tact alsii eontrihute to the smooth 
and efficient fiperution of a field twrty wlitrc several peisons arc closely as- 
snciatecl and live and wirrk together for considerable periods of tinit. In comp 
life partieiibiiy, personal idiosyncrasies may become major souices of irrila- 
tioii. ,An even tempemnieut and sense of humor are required to avoid teri' 
sif.ms that iniglit result lu friction and unpleasantness, 

Tllel‘''iWdPcirh' 

l^icld wutk hi mjiny parts of the United States irrestnts few problems. A 
convcnictillv located towu generally is selected as headquarters and the area 
being studied is reached by daily automobile travel. Under most ciririiru- 
Ktanees an individual geologist can work sutecsshillj alone. Commonly, how¬ 
ever, pames oonsist of two whose coopeialion can effect cotisidcniblo ccon- 
omv of tune ami cffiirt. Separate daily or half-dav foot ttavcnscs can lx 
planned so that baektiaeking to the place where llie car was left cun be 
avoided* CoiiipanianKhip aniT I he opportunity to discuss pioblcms and com' 
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pare ideas add to die pleasure and success of field work. Also appreutkesUip 
in the field ij tiie best way for mesperieiiced geologists to acquire iiecessan 
skills. Parties inay coiMisI: of tliree or uitiie gt‘<^l 0 l 5 ^ 5 t 5 . but larger ntunhm 
wTjrting fogether geiieially arc less advan^Jge^?lls than sever j 1 two man 
teams operating moit or iiStS indepetidently. 

Ill populous regions two geobgisb mtety need to be together in the 
field except upon occasioits wlieii observations are being compared or espe¬ 
cially significant outcrops ate bemg studied. In wild or nigged reginns, liow- 
e\er* a minor accident may lesult in a major oitastraphc unltsi assKtaiice is 
close at liaiid Under these conditions pmdcucc and safety dcmaTid that two 
tueij work together hi such a way tiiat they arc never far apuri and eacli 
knows at all times exactly where the olJiet ts. Uttlc is gained by the presence 
of a iJiird geologist excqst under iniusuiil cmnmstances. I wtj or rarely more 
teiina, howev=er, may w^Drkadvantagieously our of the same beadquarters. 

Camp life and travel in difficuit oi spotcJy inliabited coirntry invokes 
much work that is nert retated to geology , Tiic geologists' efficiency is much 
iucreused if a cook and gcEieral liaiiciy mati is provided to lake over routine 
camp duties. In lecounaissance surveys, camp may be moved almost cverv 
day* and packers, boatmein or oilier help can free geoluguts fur their special 
wort. 

Wage scales are fcktivcly low- in many foreign comitiio. Local inen gen¬ 
erally arc employed for all but the actual geologic wark. Local personnd im 
eluding vamp stuff, ]F necessary^ lakirers to carry’ equipment and specimens, 
cut bnislK mainige traasfsort aninials, man boatE, and so fortJi, and pcifiaps 
interpreters and giiidcsL arc tximmonly available. Tjtistwortliy I 0 C 51 I compan¬ 
ions may make it unnecessary for geologists to svurk together. In some yen' 
wild < 1 ; disturbed areas an -inned guard may be needed for prntcciion. 

Living CnndiijcirLF 

Living qiinrtcnv a va Habit iut 4 gtvlngie field party vary greutly accord in g to 
|rH:al f.iTcumstjiiices. 'niey coieititutt iio probltrtn in most |iaTts ol the United 
States ot other weJdeveloped coinstties, wlicre accomniodutious tsiij he cib 
tained in some couvenieully siEuated town. Klsewiierc, and partjctilariv in 
some coimtries where local living eoiiditioui are mueh liswer than in the 
Unites] Statca, camping may be iiccetsaiy. hi vme wuys campTiig ttiinpli 
geologic iiitivitLES because it requires the niHiintcmiuct; ^iid transports 
licrn of considtrablv cquipnicnt. Unless au adequate eatnp staff is pr4:3\ided. it 
may absorb im appreciable amoniil of tlit geologists' tunc and energy that 
olliCTwist could bt dotted to field work. On the other h;|iid. camping may 
conrnbntc greatly t^> dEciencv by pemiitttng a |iarty to locate iji or jurar ih 
area of tipcratsons and thus save much daik toamj fro trjvd. 

Camp c<impmcnt needs to be carchdly selected to provide the grtatesi 
anioiiiit of cijmfort anti convenience and af ihc iiame time cnjisblute the 
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leasL impediment cODjiisteiit witJi local cjicimtftiiiicis. Tliiu it may be pos^ 
>Di]e to maintam 3 more cLitiomle camp if it ii niutc ui les$ pcrtmuietitly 
lettltd than if a part} is crniitautly on the move. Also the hpc of transperta- 
tjon and labor force as'ailsblc places limitatioTis nn the total ammint and the 
wcieht and size of items that arc included. Finally, dtmate m an important 
factor betaiisc different and generally ihott eriurpnieiit is needed under se¬ 
vere tliaii underniild conditions. 

The pmbicra of finKl closely |Mra]ltds liiat of living igaartcn. In settled le- 
giofo iTiiiabited In pciijilc of LunTpoaii slock, adcrpiate meals generally can 
bo obtained, i'lie did-s of othtT p>eoples« however, mas not l»e >uited to Amer¬ 
ican ta.stC 5 atid needs Mthniiglj certain staple foods can be obtained ahnost 
everiTS'liefe that people live, these may rcf|uire supplcmentiuii to insure a 
K'elJ'balanced and palaiable diet. If eainpiiig is uccessar)', food irimt Ik trails- 
ported in additioii to camp gear. If provisjoii); can bt rcpleniilicd cadis and 
often, the pmbleiit uf supply is a minor one. Othensim careful selccticm and 
planning arc essential itt *>rdcT tij insuie an adogiinte bnt not ovembmidant 
mi pply wit limit adding unnecessarily to transportntion ptobicais. 

TTitiinpuTiatkm 

A field gvidogTst must go to the outcrops w licrcvcr they occur. Mudi of Ms 
time and energy arc cxpeiided in mrrviug fttim place to place and tmusporta- 
tion i.s a matter of great Ltnpoitauce. Mutat vehicles are. nf couTse, relied 
upon ill settled regions wliere tnads exist, in tecent yean the jap lias pimrcd 
extiemek verviccabTe in unuiy off-ioad areas in open and telatisrfy iinicnced 
^utry. AlLliinigh motor tratupert lias speeded field work in many legions, 
it has its dtawliacka. Motor vehicles rarely will carry a geologist directly to an 
oiittTnp unless it is located by the roadside, and speedy travel imu'-make him 
ov'erlook incoiispicuuus cxposiifcs. Also too great reliance on meclmtiical 
traDspoTtntion tempts a geologist to neglect areas that are not tendih' acces¬ 
sible. alking cannot Ik cliniinatcd if field work is to be ccuiducLed rorisci' 
cDtiouslvand thorotigliiy. 

In rnugli, retnolc; ttacklas, or forested regions, tritnspcrrtatiu'n is much 
mnic dilfictilt and travel u much slower, RidiTTg and pack animals are sciv- 
iccahlc iitmaiiy kindi of LOiuitry maccessiblc to motor vehicles. Regions of 
navigable streams and small lakes may be traversed best with canoes, Field 
n-ilik adiactnt to large lakes and the scacoast tnay be accoiiipILsbed most 
easily by using small motorboats. None <if there types nt traiiiport. however, 
eliminate the necessity for walking. \ geologist's legs ivd] always he his most 
essential, reliable, and often mint convenient means of tmvd fnr short dls- 
Umccs- 

IriTtmit ycar^^ ^jall FiitpUn^ and hclkuptm tunr foiling impnitEnt 
m tron^ortirg field pttio ta and from refaiiv^ly inacce^bk aicu 
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aid in suppiying thcni. Air transport^ however, w lanelv usdul in the actual 
conduct of field worh. 


OUTCROPS 

Rock outcrops ptmide bj far the most impoftaiit soince of geoiogic to 
fotmatinn Jn many regions, and most goolt^t field vssirl b dciToted pn- 
marily to Iheir study, .'Mso most gcoh^grC maps arc based upon the f)bM:tsa- 
tion of outcrops although this may lie snppleniented b> well rowinds and the 
mterpTCtatioii of physiography, soils, and other feittucs. Conscc|tieiitly the 
occnneiire and diiftiibulion of ontemps determiuei to a veiy great Lttciit 
the accuracy, speed, and general success of field work and geologic mapping. 
The nature and abundatice of outemps laigelv depend in him upon ( 1 ) re- 
distance of rocks to vteatlieriiig and erosion, { 2 } auiolmt of residual soil or 
other overburden, fopt^taphy, and *4) donate. 

Nature and Abundance of Outcrops 

I'actois conholling the nature and abiitidaiicc of rock outcrops are ah rela¬ 
tive. Several of them arc closdy intenclitcd. They interact in compTes com- 
btiialioiis to pmdiiee quite varied rcstiUs. Table 24 siunjiiarizes the opthnoni 
conditions bvcriiig opposite extremes. 


'HuiH Factcim CgotraEltn^ ibr 

A-h^ndjLEurr and N'atimr of Koi:k fJtTlGnjfli 


Many Outoopa 

Few 


(jCnlfer tlofHei 

Ff:w bpl heavy mini 

rmnfalL 

diitnbujcil 

Hfird foeki 

Soft KCkt 

CiOol rlrmnte 

Wnrm Girmatc 

NJjctJuzniCBJ itimion 

'CtH!inE€aI wullieiiilif 
ariif idiirion 

iTlIll Crt'erbwrdm 

ThkEf averbtirdea 

Tli^rh ajiitildr 

T^w atixnidr 

^Trpflprtfl 

rrt^wt 

vrt^rlHticD 

Drnx vcertadvc! cnvcr 


Tiic first tluet oi fmii factr>r^ g!!nt:Tallv ate iht iise^I iiiiportant iitul 
of thir olhm axe llicir mtarc «ir less conseqncriurts. 1 be ton tin I 

ebed by these fniims varibv ctnvsidiaiihly. Pfli crjinplcp tcuipexsturf ^ mucTi 
lc$s impnrtant m arid than in butnid re^gtons wlitrcav tbif importiinE^c of rock 
bjuxlnej^ is the n^^eise. 

Knowledge of the topography and climate of a region that is to be investi¬ 
gated gt:o1ogi{:al!y pcimtts predictions to be made regarding the nature^ 
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^bimdiiticc, aitcl looitton of cot It <p»t?rnTps. If iii addition ivt^mcthing is kncjwii 
about tlifi general geology’ an{! the types of tfstJ; to lx; expectedi predic- 

ti^ms are vtTy usefd hi formulating plans fot field work. 

Lrurtflioniv tif Outcrop,*; 

As a general nile* the |>^t rotl. outcto|is oeenr in t!ie beds and baiiks of 
strc:ams where mecliaineal erosion h niost attiiiT, If hard strata arc present 
and overburckii b, not excessive, outcrops also are liJidi lo tKWx itatemiLt- 
teiidy npjsi Hie sleeper slopes and hilltrrps, in nijiiiy tegiotis of abundant 
bill lint c^ecsshe r^iinfall, sondsinnc h the moett rest$iant kind of met and 
cDmcnonb caps the bilK and tidgts Limestone is mure resistant and may 
form tbe topographic pmmincqtes in regions of ven heavy lainfalL where 
rncchanical erosion is accenttiatcd. and in dry regiems, where solution is not 
m important process of destmetiop. 

In ri^joiis of topograpliic maturity ivitli deep residual soih natuml out- 
crops aie Uliely to he Few Tlicy are confined mainh to I he larger and deeper 
v^hej? Vilietc they coiisisi: mostly nf tbe mure resistant ^itata In many re^ 
gianv of Hiiv type the l>est espiisures occur in road and railway cuts, tjiiaLmeSi. 
and other exeawatinns. Ernsiun of newly cleared or cultivated land uuiv re 
unit in Hit development of new nntcrops jn active gullies and, oJ the saine 
time, the borying of fomi-et outcrops along Inwci stream comses that art 
bang filled wiHi rilt 

rhicL loess deposits blantel uplands and ohficnre fiioivt on bmps in some 
areas adjacent to riveii that drain glaciated regions Aku santl drmts in iirid 
conn Its and near some beaches iiave covered ioj^e areas and ubscnretl all 
outcrops. Iti low flal areas silch us coastal plains and uridniiiied lutermontauc 
barins m mttcrop!. oveiir. All bedrock is hidden hv uncuuKilidatcd deposits 
of vm recall origin. 

A spedat situation is provided by the gbemted till pbiiiis uf the rmrtheni 
and norllieuutem United Sfates. Some areas are so haivlly drift covered that 
the deepest valleys do not reucli bedrock. FJscwdieie cstctlleiit miti^ttips may 
uccur where streams have cut new' vgllc)^ intn frcfili rock that is not obscured 
h\ thick accuinuLtliosu of residuum. At a few places vtrj bige erratic blocks 
arc included in the glacial drift; where cxposeiL these may be {iiistokeu for 
true outcwipn. In conttasi* almost all soil wai temov^ed from lar^e areas in 
patb uf Canada by glidal action and extensive exp>snrc& ofxwr without the 
benefit of much topt)graphic relief. 

BASE MAPS 

Maps are pittonal representations of some porliDn of the eartbA urrfitcc 
that depending upon their ptuposCr emphasize suiiie featnies of tlic area 
and Ignore others. Almost all maps utilized in geology am constructed as 
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though tlie iirei were vertically imui ahovc^ Tlit distance.^ betw een 

aJi points are repiciseiited a uniform icale. The accrirac^ ot maps varies 
greatly with ihdr detail aiul the caie with wiiieli rhev have Iwcii made. Maps 
af vety large areas iicccss^rny arc di-^totted to some uitcnt bccau.ve it h im 
pnvsibie to rtprrKliiee all part^ of a vphenc^Uy curved virdaee accurately u[xiti 
A flat plane. 

Maps '>cnx two piirptsso io geology. Fir^* they aid a gefdogist in finding 
his way from pLicc to place and in locating more or less precisely any 
where geologic obscrs\itnms may he made. Second, thev serve as a base 
upon w^hich geologic data are pJidtcd. and show the mutual relations ot vatv 
nm geologit: features bv their rc^pcetivc locatjum Ceitaiii kiuds of stmti' 
grapiiie svotV can be aecornpli-slied without I he aid of maps. Strata tan be 
^hidiecL tncmiirtcL and desttilx'd and stratigraphic i^cetioiis cau be pieced ti> 
gcilier .luij cun elated, T3ic tbiec-dimenfiTfiniiJ rt]atu:in% of stratigraphic units, 
however, cannot he determined acrttrald; withfinl tnowledgc of their arcql 
c?dent. Thri tequites tliat the} be mappod,. and geologic mapping js ime of 
the step^ cifkscntial to ?itratigraphv. 

T upfigr<fp/ijc JV Jti^s 

rtipagtapjiiL con tour maps^ wlitie aifenilabk. EcntTally are picferred fl.s the 
fjasc fiw gcokjgic mapping. Witliunt the rcprcsentatioii id imfuec lelief that 
thevc luapv pnn ide, many Fesihin^ of a gcolngic miip caiinol; lie undcr^tootL 

Tlie pattern of a geologic map is dctcnniiietl by the intcr^cctifTn.s of two 
sets of pbnt:^: (1 \ those of varionsh steep surface slopes and fZ) those of 
sanously me lined formation boundaries and faults. It the topt^graphic pbiics 
arc indicated on the map, the other set tan be more or l«s iccuralclv in¬ 
ferred from t)ie getilogic palteni- Thus a geobgic map presented on a tojw- 
graphic base lias a thhd-cliincnijoiial quality tliat pemiits tlic visuallzatinn 
nrcoiistnictiori of geologic cross scctinns Uliese reLitiOiis arc Icis importaiit 
as the scale of maps decreases, the pattern becomes mure geuL'rahs^cd^ and the 
rebtive iniluencc of surface mequalities declines. 

Much of the Ifniied States has been mapped Eopogtyphicallv by the 
United States Geological Survey. Many of the earlier maps were suneved at 
a scale of T to 125.()EX) or roughly two miles to an inch. Later the scale %vis in- 
creasetl Yu 1 to bZ,> 0 n or uppro^iateh' one niiJe to an inch, llic resulting 
1 S-uiiuulc quadrangles are llie topographic map^ familiar fo all Amerkran 
olngists. More recently areas of special interest have been mapped ul a scale 
of 1 tn 24»Ol)IJ ITT aLiiit Iwo and one-half inches to the mile. Topographic 
vontcinr inteTy^b vary^ depending npsui map scales and relafhic relief. 

Tc>pi>graphic surs'cying is a highly stilled profession, Tlie tjuditv of maps 
pmduted fmv varied coiisideTably svitb the competence ancf csccrLised bs' 
lilt Siuiveyar. In cencra!. qualits has Steadih' improved, purticukili for the 
maps prodttceef since the late 1920's^ when .lerial pliotographs liegan to be 
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used for tqpcr^jpliic coiilioL Bcfoii; t!iat many mmar features, espo 
ctoJIjT cpf the dnijia^e patterns, were inaccurate because tiie sut^'cjw filled in 
by guess small areas liiat were not rear lied by liis plaitc-tabk For 

example, %Qmc places the lieacLs and ttimillu; of small hibiitaTies to the 
larger streams were tnconectiy counetted. EmJrrnf this kind are imw rare. 

All topographic iiiaps are gcnaatived hcC3iiii>t tfic jtc(rpit€;ss of ilDpt3 and 
elevations arc estirnated hy the siinxyor and shovm h\ coiiTnuis sketched in 
lietweeii thep<inits that wtm achiallv located instmmeutally. The contouni 
conimoriJy dc^ not roeal minor topographic features that are geologically sig- 
flificLiiiL TIiCTefore the fidd geologist uiust Locate Tiiaiiy outaops hv csti- 
luatitig tlidr positHms with reqrect to cultural and more prominiMit fopg 
graph it fcatun^ that are represented on the rriap. Any inacciniicies in the 
h.ivc are antinnalicaUy carried over Uj the geologic map. himi ookrups 
tan be located fairly satisfacldtily, biil in low or featureless coimliy and in 
densely wooded areas locatjoti uuiy bt very’ difhcult. It mi pen but errors or 
discrepancies arc recoginzed j]:i the topographic ciiap^ tlic gcolugy itiusl be 
fitted to them and. therefote. it is difstnrtcd. No geologic map can be more 
accucite Lhim ds base 

Tlic c^tirnation of out crop elevatinris on topc^raphit mapv i;^ L-ninrtioiily 
less varisfedmy than cstiniates of ge0gr4phit Incatkiin, Unless rhe point> are 
litnatcd ilrmg mads, in I he botlmm. of or oh ihc crests of ridges that 

have Uxn trjvmal hy the topographic surrey, clevatiniis- rarclv can be dc 
tcrmincd within a limit of cnor less tliun the contour interval and iincef’ 
taiiilv iriuy he Tnuth grcrner. It more accnraci is ruquirciL iiistrnnicirral sur^ 
vcj'SOI iiieasiirenieiits bv hand level or aneroid b:iromcttr mii^l be made. If 
more pn?cist gcfjgraphit location of outoops h nesessaiyp pawemnpas^ oi 
plane-table traverses mml be rtui, 

hln^tt well-developed or indn^hriali/jed foieigri countries arc provideil wit.li 
topographic maps equal to ot better than tbi.se of the United States Other 
countries ind particulaiiy klmnit fcgicjiis vi'hae American geologists may he 
employed are likely to be ulmofit entirdv ixnmTTvej ed. 

Of her \fapi 

Many erthet Ltnds of maps exist but most of them have been rnadc Wilh' 
run accurate aud coinprchensivc stirvcv^, arc too sruall in tea It, in Ut k ilrrtpiils 
ueccssarx' fot a gtNxl Ecologic base. Road maps of sdfkd regions niay be use¬ 
ful for stijH-Tficial or rcconii^iissaiice studies if tltdr leaks an? suitable- In large 
part^ of the central United States where surveys of thr public lands wctc 
nude and many roadi extend east and wtsJ or north and south along the 
settioii lures, hrirly accurate locatrnus of oulctnps can be uiatlc on small-scale 
wad maps. ITiii is not true, howerer, oi tlie region included m the ortgirml 
American cnlrmiirs where the Luul was not ss'stematicallv stirrveycd* in parti 
of tlie Mississippi \-alJej' and southwest including much of texaji wliere 
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landowner^hip date? back tu FiaicJi Spam^h or in jttkis ’wdiere 

the Toadpattmr has been c<mtrolltd bv topographic features. Ahnost all load 
maps are deficient betame they do not shuvt the niimir drainage patterns, 
difiererttial tapjgraplnc idich or elevaiioni. With them* detailed field v^otk 
canon L be planned or exeented dHdcntly. 

In nmnapped or inadKiuatcly m:fppcd territon', plane-table surv^ev's can 
he made cGiiciirrenEly with geologic field work to dctcmiinc the locations and 
elevations of otiicrops. Id open cfuuifn' with fairEv ohendanl: nutciops, most 
rapid progress can he made if the gcalcgi^b acts 35 rodman and selects IJie 
mmt iniptjriajii Motions to he snrvcs'cd lie ciamriies fMitrmps the 

iiistruinciit wt>rk is done by a topsigraphie cngiiicer. Simitar sunles s in brushy 
m WT30cled aiiKis are mnch more diffidilt. Generally a survey party wTJfks 
sqiatatdy hut in close contnet with the geologist. In mtipping of this kind, a 
geologist does not need to be a skilled snneyor but he 5h<piild thoroiiglily un¬ 
derstand mstrumentar operation in order to plan and direct the work to bes^t 
advantage. 

Acrr/il I^fjotogrupIiJ 

Since the 1920"s aerial photi^graphs have been used increasin^y ui both 
topographic and geologic mapping. These photographs are of tw-o types: 
f f I verticaJs, and \2] nhliqnes. V'crticaJ photographs show the iand surface 
from directly overliead. ‘tTiey^ can be used as the base for geologic field wort 
Oblique photoglyphs are directed laterally as well as dowiiwaid. 'Iliey jihow 
the tuidscapc from 2 point below^ the photo plane toward or to tlie liorizou. 
Because of foneiliiirteinng, tihlique phnlognipUs arc lew smiceable ait a map^ 
pinghLisc. Tlicv present a lateral vkw companililc to what one is accustumed 
to set fremi j high hill, and both topogr^jphic and geologic feature* ate twrtr 
easily recngrri/xil \a one iinskilTcd in plmto inttxiTictatiun Ehaii in verticals. 
Because sidjacejit parrs of both types of photographs omlapp they can he ob 
served with a stereoscopic viewtr. This bmigt out tfj|Kigrapbic relief and dis¬ 
tance Tij exaggerated form the et|jo5t]tes w^cre made at a clivtaiKe 

from each oLfier far exceeding d^tance Ix'tweeti the cyxs. 

Iristnimeiits and methods have been devised fur con struct jug excellent 
maps from aeml photographs. With a siimll aujoiint of surface cf>uttol cun* 
listing of ms^sur^ base lines and a few lovltumetilafiy delenuincd cltn^' 
tiuns af high and hw points* rematkahly accurate enntouTed tnpogrqphjc 
maps can be made from rcriicals, M'ithrmt aiij cniitroh contoured lomi maps 
can be drawn that nie very useful, hnt the estact scale is not ktmwn and the 
contniiT interval k uncertain. Obliques reveal the fcaturtrs of iiiiicli lurgtt 
areas than verticals and points can be accnialeb located, but lliesc phofa- 
graphs me not w^ell suited to the crnistructjoii of reluiljty ctmtmtied 
graphic maps. 

Aerial pholograpJis, if tJicj were not taken front loo high au altitude, gen- 
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erally ate ^iuperior to niajss fxir plafining ^efiltiigic field work in imfam iiaT 
teiritfin. Wlicn vic%i ttl stcreOiCopiciaJly tliev nrveal Ilitf top<jgKiptiy in great 
detail, vegefativtr emtt^ and possibly the larigcT outcrops. Gcolcgjc tea tuxes 
ate clcar^t m arid tenons where vegetation 3S sparse and §oil is thin or abov^e 
timhcT Ime m inoinitainous areas. Stnictrrre is most pbin!} siimvn wheie 
stratified rocks of altcmaiiiig hardneics arc inclined tnodciatc angles, Die 
riiaj<ir stmctiirdl features ol a region may be apparent. Iiimevcr, even where 
residual sod h thick and ksreshi are dense. \''cn cumninnly certain areas c^n 
lie recogiiiiJi^ti as having more probahle geologic inteTCst than cithers, Ev 
perieticc in photo iiiterpretaiissn is important bccauskc siirficial pattem^ of 
raltivatiCTi. woodlands, andsn forth may be confusing, 

\ eitkal photographs nYt idea! foi locatjfig rock oukmps in the field to 
most rcgsnns that are not largely rorest entered. Lone trees, the comers of 
fields, jnnttions or cl ranges m the courses of small streauis* or roads euii Ije 
identified tm the gmund and scut a.^ precise rcfcicnce pr^ints. Some kKa] 
leal arcs ^fUi:h a^ culht^led anras^ hnicever, mat change greatly with passing 
lime and cwtc must l^c eserched tf the plmlographs aie not tecenT ones, Ac 
miate haalioii bcriicmli a hcavj growth of licet is almost iiiijK^ssihle, 

In mudi irn fores ted country geology can he sketched with precision 
qmckly. easily, and withoiit the use of iiistmincnts direcfli im iudn-idual 
vCTtioil piiotognphs. Stereoscopic pairs of prints tan tx- carried iti the fidd 
and studies! wntli y pocket viewer. I'Wmatiuns in tuaii\ areas can be Iraccd 
between outcnips tm lire bash of minor topographic fejtnTcs—siirall gnllies, 
changes in slope, and ut forth —tn of diffcronccs in vegetsition w hicfi arc iiol 
dioun on am map. fly liang provided at all time? wiih a thiee-djmensmTKiJ 
bird vicvv nf Ins Mitioimdiiigs. a gcologisf coiiimonh’ can gam a ipc-trdv 
iiniJeislaiitlbvg ni gettlogic rdanons IjettcT than th^r which he might nhCiin 
bv hours nrcviCTi day? of |tiu ns taking field work witlimit this aid. 

AlThmigh Ecology can he sketched direrfli on vertical aerial pliotogruphs, 
these ordinarily do not provide a satisfiitton base fur a finishetl gcoti^ir map. 
Die photofiraplifi are not all imiform in ‘scale nor are diriLtfnin coiislant be 
cause a phulopbnc cannot lx; at exactly the same dei^atinn or on an 
imdcv'iating cutu^t. Mii^f plmtogmplis 14re slightJs" lipped hccause the plane 
cm not Ik held iu an cxantli horii^.ontal position Alsn ihc plmtoCTaphs are 
vumewlrat dishirted, riKBt iifitn tabli in their marginal parts ]f the surface 
relief IS great. linyllVp ihe photographic detail 15 can fusing and patterns or 
cr)lnrv ideuhfymig dilieicnt fnm ail ions chi uol show up and t’sintrait against 
it with dcstrablc distmetuess, 

ff a base map has been coiesmictcd from phiktograpln, tlie Iramfct of ^e- 
olr>gy finiii mdividual pholographs is iiot difficuU. SpetiaJ pro]ectars Jmve 
Ijceii pcifecled lo make ditect comparison easy and nacL If, hrwever, the 
haw; ts a topograph it map made bv conventional surface suiveyrng^ knpet- 
fections and dwctepaiicies are certain to oc^m. 'Hicse must be eamiwnsatcd 
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hv slillhil sidju^tniciiL or \]\c Riuil gtologir m^lp mjy shu^v whut jppc^r to 
bcriiiinstiiTal and iiiiprobnbltr itkiiom. 

After field work has progressed so far rhat the expression of different fonna- 
t\m% in the acnal photographs has been defemrined* considerable mapping 
cyn be done in mam- regions bv- study of the photographs alone. Thus areas 
tjchs^etn field traverses can be filled in and it mav be pcit^sible to extend the 
map far bey curd the l:ra\cT;icd area- If the acenmubHon of m forma bon that 
tan Ik; obtained only by the actiial obsmatinti of oiitcn^p^ fdcli as detailed 
tueasuTcd or tlic LolJecttou of fossib oi lithologic spccinien^:, is nfit 

iietobsan. ^Ji £namiou!N amutitii of lalwnoiis field i^ork may l>e obvialcd and 
mapping can l>c speeded up aKOEtliiigly. T he sntee^ ai such prntcdiires dc* 
pends to a very great extent upon the clarity with which the jilmfographs re¬ 
veal geolqgv. 

Under favorable conditions study of photographs provides nuicJi valiiabic 
information ci>nccmmg vvhoUy imkuawu teITito^l^ Ttms a gte^it deal mav be 
learned aboni an area before field vinrk is trodcrriiken or aboui a reginn in 
wiiieb field work b not jm^sHde. Different kinds of nxks can be distinguished 
IJI 1 phiitograplis (ly their tcaithm^ tu wciithtTing and trosinii evtrn though 
their [ixiiLt lilliuhtgk natiiit earinot Ih: detenu u red. Stratified sedimentary 
TOcU and ma'ssivc igncoitv iKidits generally appear quite cliilcrent. Shalv 
strata art weak and cnjjiiiiniily they arc more deeply crodal than resistant 
sjndstone or limestone beds \\h(|iour any held work it may Ik: possible Lo 
build up an einpmeal stratigrapliit: section, estimate Ehicknc^^ of iiniK 
identify iiud Eace some beds for long distances, and wrirk out the structure 
in cDnsidcrable detail. Ages of ilie mcL? and most details of tlicir liHiologic 
character, however, retimii uiikiinwu. 

Mcist n^futaJ features disccmibk nit aerial photographs have some s^cofo- 
gic OI pfiysingraphic nieaumg. The eriltaia for fhdr mterpretatmn arc the 
?anic ya tho5e used in field work but some rjf the familbt field critCTia are 
not araikble to the photogeoIogtsL In compciisation. some ftatiues ^md 
their regional relalioiis are tcvcalcd with a clant^ ^ind to au p^tcnl lliat is 
never re£ilii?etl in field \vork Alterations of the Lmdscape rrsiilting from the 
works of man. such as cliHiiges in the vegetative patterns. Lmkltfit;jtiQus of 
topography, and divtrsEnn<i iiF drainage sv-xtems mmi be recogfu^cd ajid not 
confused with natural features, In miiny regions, lifnvcvcr, the distribLition 
of cultivated atca.v isf ^iginficanl hccau*ie it cmipliasntes diffcrcirecs in topog¬ 
raphy and .^oil conditions. 

Evidence that aid?t m strarigmphic mtcrprctation includes i 1 i drainage 
patterns, f 2 | toixjgraphic expression. i ii vcgclutivc /ones, and Hi surfiuc 
color. 

Drainage patterns ctsinmoiih jre (tic most conspicuouv and fmt-noticed 
fcatiJTEs nf aerial photographs. At iiunv places thev .ite acccfituatcd by flic 
ocLiUTtncc of rteep vinpes and variatifuis m ve^ctatmn. Depending upon 
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wlicthcr they sliw dcndiilii:^ or other fcjnns, conclmtons cm be 

dmwu T^apidly r^rding tlw stnicturt' of stiatibcd Tools. 

Tupographic expression prinaatiiy dcoianstrates variubility of lOck hard' 
n^. 1 lard and soft beds can be distuigmslied aJid traced singly or in gronps. 
Dip slopes and the odeiit^tinri of ridges uidiciEe strike and dip. 

Vegetative KOnes .ihow diffeicnca iu soiJ dcvdcfpmtni, fertijitj* and moiv- 
ture which gCJiefafl; ate njated to imdetiying rocks. Ciiltivijtion may accsai- 
tuate flt olritine mtumt pattern^. 

Difference in surface shades coimDonly indicate camsponding color dif- 
fercncts in either resets or soil. Confusion is possible, Iiowtncr. because of 
vanable shadows, Tiioistand diy meas, baie oi vegetated eaitlu and other dit- 
fcrtaccs. 

Geologic intcipretatrail h idativdy more difficull: and pcrtinejit fcatxire^ 
may be ohsciirc qi Ijickiug in aiea^ of ( 1 j very luw iditf+ (Si ihitk tisvet frf 
soil, gkcEal drifts or oilier oveiburdctt. ( j) forest gnwth c^ttept possibly 
when hartl^-tiods have shed tlidi leaves^ [i) extensive cultivatlou, fSj ur¬ 
ban development^ ami [6j winter anoiA' cover, 

GEOIOGIC AAAPPING 

Tlie making of a ^logie m^p is the iinniedlate obfectivc of much strati- 
gmpliic field work, Before achul mapping can b^in, bowev^cr, twti- preliuii' 
nary steps are necessary. FiisU the stTstigiaphic iiiiifcs tliat arc to be mnppcd 
must be dctzidtrl tipm *iiul llidr btnind^irie^ must he set. llic \miH may be 
cither those that lta\e bee^i disimgin^hed prc\ iously and possiblv mapped in 
nearby sreas or new units thut ijfe better suited to mupping in the area of t!ie 
sijTvcy. Second, the uarural set|ueiiec of the units lo be mappcxl be de¬ 
termined, if the tsjiiVt are Dmiliar ones, die ieqiicucc h ptlfeady kruiwu fiom 
prciious stiidiex dscwdicre. During the cuiirsc of field w-ork if may be ad- 
s-sniageoLK ot become necessary to difFerciitiatc um' stmtigraphic siints that 
either cottsi^t uf itrJta infcrveniiig: between uld iinib or be^ constituting 
subordinate par tv -ivf old itiiih Ukewi^e it tnav be desimble to rEcognfrt 
somew'hat altered biiuiidjirit}i hchrceo old miits. Neither of thes^e possibili¬ 
lies cirmpHcatcs geologic mapping particiilnTlv altfiougb revisiou niav be re- 
f]uiicd in those portions oFn map fhirt have been ctimplctt^d before a derision 
necessitating change w^s made. If, however, ihc slmtigt^phic ^ectinn is im- 
hmiJtai and it has not Irmi iiibdividcd picviou^bv tlie cJilfeTQifbticiTi of 
units and Uie tlclerniituitiou ui llicii scfiiicriee may l^e aetcrmplished while 
the first twTJ piijce^cs involved in gcolngir inapping noted hclnw urc in 
pKigrcss. 

Ctolugiv niapping h accomplished in four steps: (1) the discovers' of out¬ 
crops Of olher kificts of pertirnmt informalinup (2} the bcation of outcrojxs 
geographically, {1} the identificafion of ouicrops with teferenoe to units of 
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the stratigraphic vecHat^ and (i) the relafian iif oatcni|» to cadi oOier 
which TGvrak the local ^UuntuTal conditionEach stqi is a separate process 
and requires a difFercnt of observ^ation and reaseming. The stq^ follow 
each other in natnial order for each outcrop independently. Coiciany each 
is consequent upon its predecessor although the ssxind and third steps may 
be revetsed- The sequmcc of steps does not need to bo completed for ono 
oiittTOp liefote it is started for irnobher, The sequence must begin ^ilh the 
disrovm of m outcrop. 'Tins must be located and identified, but identifica- 
rion may be deb}^ until after iither oiitCTups luivc been discov-eied and re- 
latcd, Fiiiallv tlie outercip b cooidinated with other oukrops preiroiisly or 
5 iibseqiieiitly discovered, located, and identified. Ilius this sequence of step$ 
progresses at variable rates foi scteml to many outcrops ar rfue same time. 

fn addhiou to this sequence* a fifth step* interpretatimi, should not be 
neglected. InLerpretatiOn does not fall into order with the oUier steps al- 
thnii^h it cannot attaiu its full potential until tile foregoing ^K[Lieiice has 
been completed. Progicstsive and tentative [nterpretation is important he- 
caust it serves to direct aHcntinn U* featuies anil rcblious tlinl (iNnrwise 
might be mrerlooked. Thus it in sum a l>ettet iindersLiiiding <vf muuy gto- 
logic conditjoiu at all stages of a field inmtigjition and it may contribute 
greatly to efficient field procedure. For doimple, interpretation of the rela¬ 
tions of outcrops CO topograpiiy and geographic location may aid m tlie dis- 
coveiy* trf other outcrops. xAlso mtetpret^tiem of lateral lithologic changes 
m:tv help to resolve uuceibmtics of idcntificatjon, local coETcbtiun, and 
stratigraphic relatinn?>, Mi experienced field gCtfilogists make inteipretaticiiA 
of these and other kinds more or Jess uiKtJnsciouvk. If the desirability of con¬ 
stantly revised mterpretatictn is kept clearly in mind^ field wort is .tlmost cer¬ 
tain to proceed marc rapidly and its results are sure to he mnie satisfactory. 

Fintfijjg Outcrops 

Tlic task of fmeUng outcrops varies, depending upon the nahire of the 
ares* being mapped, the kind nf ump desired, and the time available for map- 
ping. In arcus of hard locks^ steep slops, thin oveibiudeii, and sparse vegda- 
rion outtmips ate likely to he abundant and cunspicuous. Mae the djscovm 
of outernps IS no problem and the field geologist may lie concerned chiefly 
with how' many and what distribiitinn oE outecops should be located and 
careful I y obscn^cd. 11 us situiition is re^'crsed, of conrsC;. in areas of sfjft roclB, 
gentle slopes, low relief, thick ovcrbLirdcn* and dense gmwtJi of vegetation. 
Here outcrops must be rought assiduously. Experience and ledge re- 
gaiding places where they are mOhi hki-ly to occur ate importanE. Also a gi:- 
ologbt mmt decide whether it is better to si::3ith carefully for obscure cniT 
crops nt mrjvr on to anolbcr phcc wliae oiilcmps might he fniind more 
easily and quickly. Tn areas of this kind, fragments of float rt^efc in the beds 
of streams commoiily teaii to ontcrops* Such evidence of their octmTcnce 
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should Ijc jfHjkcd for at all com^eiiieiit pbtcs, In suine areas ttie best cxliibits 
of beditH-'k iiiv pitnided b\' artificial ctpos^Tns, and first attention should he 
given to cub along roads and and tu tjuarries and Other cscas-ationi. 

The thoroughness with whith Cjcposures are searched out is detcimined bv 
the degree of detail I hat is desired in geologic mapping and iiiteipretatioiL. 
Tlic time asridable foi field w-nik ina} he devottvl to finding and sttidying 
cs'CTS' Outcrop. Snell svT>rl i.s eoinpaiatively slow It tnvalses nitiidi footwork 
and requites, tlii geologist actually to go esemvhere that au outerttp might 
txrciu It is the most desirable type of field Viork from a scientifit; standpoint:, 
Init gicatCT speed may be deiuanded by practical considerations. Somcsvliat 
more rapid progress may be possible if attention is directed mainly to tracing 
out fonnation coiitncts. In ureas where formations are rdatredy thick, this 
rnay diminate tlie necessity of esaminiiig cunsidenihlc areas. Geiierjllv the 
nanlting map is nearly or quite ii accurate as one produced by mote rlior- 
ougii and detailed field work- Ij»i iuformatimi, hnwes'er, would be obtained 
concerning the diaiactos of fonmitioiis: tbintforc, less complete and rdiaUle 
interpretaLions would l>e povwhlc. 

In reconnaissance studies emphasis is placed upon obtaining the greatest 
amount of information concerning the largest area in the least possible time, 
Tlicrc are various kinds ot teconnaissance iuvestigatioiis. I-or exarapk. an 
area may be lecoimoitered in prcparatioii for more dehiiieil work, or the sole 
objective may be to obtain general infomotiem w’ithmtt thouglit to any 
fiiT+hcT shidv. In cither case, results are best shown upon a map, but a map is 
espoeially impfirtant and generally b uecessaiy for the btkx kind of survey, 

RcinnnaissaTitt geologic, mapping requires experience, careful plfltiiiiiig, 
and special skills if it is to deld the most satisfactory results. It demands the 
sacrifice of detail and complete coverage to speed- Cciiemlly little rrnip is 
devoted to the search for outcrop. ObscrvatiGtis are made along lines of 
traver-sc that are la id out with the ptupose of visiting the most promising lo¬ 
calities with the greatest cast Traverses arc most iidvantagcoiis if they ex¬ 
tend at right angles In tin,- strike of dipping betk, tlius permitting rjetermi- 
nahotii of stratlgraplik sections and stnicture at tlit same time, hut nature of 
the terrain may necessitate less direct touting. Fiepciidiug upon the amount 
of infoTmatinn needed, observations may be made almost as fast as it is pr.is- 
sible to travel. Rccnnnaissance mapping is most effective in open coiuifry 
with Bbundaiit (JLiterops and enough relief to permit remote inspection of it 
wide ^one on botli sides of the line of traverse. Obsm-aLions arc more re- 
strirted in nioutitamoLis or tvnoded country, and the map cannot be ex¬ 
panded laterally with much a-*tsiiranee. If ginid topographic mapv or, Irettrr 
still, aerLil photoeraphs esist, it may be possible to fill in the main fcatuies 
of gcrdogi" between Llic lines uf traverse 

Many features other llian actual outcrops are revealmg and useful in all 
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t}'pe^ gI g4!L4tL>gic iLiitppmg. ']*lic:y mm\ itupArUiii In cif poor out¬ 
crops m ifcounaiiiiiaticie luvestigutioui, mid m very detailed fiiapping. Fui 
example^ Tcsiicltial soft giv<^ stsijic iiidicatiDti of the nattne of underiying rock, 
and some linicstones can he identified by their typo of chert. Resistant strata 
or formations prrxlucc topographic benches, dip slopes, ;ijid ridges. Seejss or 
springs inay Tnark contacts between iiiipervintiii shale and oveiieing sand' 
stone or limevtone strata, 

Locu/irig Outcrops 

So ^ttlogic iiiap can be mate jccumte tliaii the locatbii of its outemps. 
All locations should Tic iiLidc as predjefy as ptissCblc, but it is particukriy im- 
portant that greater caie be devoted to Joaitions as mapping Ls thmc in 
grCiEcr detail. Likewise the need for accurate location mcrcasts wiLli tJic scale 
of mapping and greater complexity^ of structure. 

Outcrops and other features of geologic interest arc located witli reference 
to pniiiEs tint can be recognized on whatever base is used in miipping. A 
lopographk mnp gencmllj is considered a gpod hilsc, but nclualK the imm- 
bet of points Hiar are precisely located on if other sntall. Aerial photo¬ 
graphs gcneolJy furnish mucli more detail and rnjikc more accumte location 
possddc. II estimation of disbince and djtCLtifjri from known points docs not 
provide sufficiently exact locations, ^hort travet^cs should he nm to outcropb 
bv pace and cennpass. w ith liand level or JiicrokL or b\ plmic tiibTc. In vetv 
detailed or large-scale mapping, it may be neccsiUry tu survey in all nutcrops 
bv plane tabic regardless of tlie kind of base nseil. 

In icconniUssaiiCTe mopping, the vciy accurate: lacatmii of ontrrop^ and 
other poinh not ImpoitanL Ordinarily acfial photogtaphs nr most maps 
that show- tcipographic and cnlluol features arc snfficienf for estimation of 
position. If no base exists, however, a rough suncy ot sonic kind be 
made, k niav be jXisstble in open country to establish appmiumiite loc^ticnis 
bv hand compass tnangulatiou and intersection frimi several proiiiiucnt land- 
tnarks. Otherwise it may be necessary to determine traverse direction bv 
compass and to estimate di^bince by ijtlonieteror travel lime. 

Field maps should show no! only the IrHSitirm hnt akvo the extent of nnt« 
crops. Areas of outtTOppmg rocks can be indieuted on a map by coloi m bv 
endosing lines. These shnitld be recorded dhcctly in the field. Kuuivlctlgc of 
the distrihurion mid abuudantc of outLTO|>s and other features npou wliidi 
0 geologic m^ip is biscd is desirable prticularly in areas:, of scanty contml. 
Without it llic rdiahility of a map cannot he (ndged. Most final maps do not 
ptesait such inforttmUon and a viewer catmoi determine wlikh partv are 
l?ascd on adequate evidence and which arc not. Consoqocully mnny geo- 
logit maps give the appearance nf bcijig more definite and aoiinite than 
tlicv reallv art 
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Idisntifymg OutLTOp^ 

StraU cib-imT."d in outcfops ait identified as consiituEing part nf some par- 
tjcular fotnialion on Llic Ixisis of |] \ IJLhologic f^turcs^ (2) cli*Jiticterijrtic 
fossils^ OT (1 ] relative stotigraplsk position, llicse iin^r err in ctimlumiHcFn 
generally are distinctive, 

Utlioln^c diameters provide tijc most i'Ommoji and useful mearw of iden- 
tiScatitm. Sonic formations are so tinifoTmly different fioin all f it tiers within 
a Ttginn that almost any pait of one of them can he recogniisoci v^ith little 
chance of error. Examples arc the sogar}'-tc 3 d:Qred St. Peter Sandstoiic i Ord. i 
ot the upper Mississippi Valky and the red argiUaccoos Batnbridge time 
stone (Sil ) of soullieastem Xfissmiii and the ueighbfinng prl of Illinais. 
Many formations of hetCTogciiecjiis codip^^itioti contain some strata thal 
arc clmnicterifdk and othm tlial are not. A form:ition of this kind is tlie Sl 
Uniis Limestone of the upper Mississippi and looser Ohio valleys. 

Mods of it consists of more or less crysbtTIme limestone that might belong 
to any one of half a d 03 !:cn otlier formations in tliis segsem. h alsa includes 
fijJC-graiTScd, almost lithogiapliic. and ecjnnniojily limestone 

that is distinctive. If istraLi ni the latter type arc present in an onferop the 
formation can !«! readily identified. !f iioL ofber CTsdence must be sought 
Finally, some formations have no nnique feature. No nLitter liow wth ^ey 
arc exposed they c^nnnt be reeognt?^cd excqsf W their positions in the stmt 
igraphic sectioii. For example, several Upt^ct Mississippi an sandstones in 
soiitliem Illinois and western Kcnhicln,' are so simibr drat they carniot be 
divfiagiiished smelv with nut the identification of mten'ening thiicstone and 
shale formations. An observant field geologist notices and mincmlser$ manv 
features of formation*;, useful in tiieir lt>eal identificalhm, fhat are too subtle 
to be described clearly euouglt to be of mndi bciitftt to olhers 

Fossils may be more dnignustic of ^ime fotmatiuii^ tiian Utholdgic fea- 
hjT63, LUbobgte appearance and eoniposition luuy be duplicated in meb of 
abnost any age, but fossil^f are certain to be diffettfnt unless formutkms oo 
tupy appTOxinrately simiLn I’wjsitions in the fttratigTapbic scctiom More time 
geijcrjllv U required to ^catib kn cbamctcdstic foasUs than to make IitliCh 
logic ohsa^ationSi* and few stratigmpUers are suflicjcntlv skilled ttr paleoii' 
tnUig) to make full rise of fossils. Also muny Simla axe idniost if not cntirclv 
nnfossilifciDiis. Conscqiicntly most geologic mapping [s ba^sed piimarDv on 
lithologic characters. 

Every field geologist shoiih] be familiar with the principal index fovsilr 
of the formalioii^ iTiat he niap^, Tlie number gcncially i^ not gttaf and with 
mstmetion from a palermtologist he can learn tn recognize them fairly 
casHy. Mure complete knowledge uf fossils alro is very oacfnl. Many spoiie 
that are not of index mine occur locally m some kind of rrmoJ anaugcmeut 
that may uid in distiogtfishing one part of a forraatinu from another. As an 
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example, a cotniu assocLitton uf species miiy occur comomuly near the tnp 
of a formatiDLi. If tJits ajd:^ci3tjatt is recognized in nit occutroicc of 

the fomiatioii bfnJQdi.irj' dos£ above can be inferred. Tlie progrmivc Ktadimi 
change of n fauna from place to place may anticipate a dia^ige in litiioiogic 
development tluiL if eiiconntcted unexpectedly* might provide a strati¬ 
graphic puzzle, A good knowledge of paleontologj^ becomes more important 
ns the stratigraphic section h les^ well iuavvn. In rccoitnaitsnnce niiipping of 
nn irnfamiliar regioti, dcteiminslinn of itratigraphie snccessimi may depend 
upon the iclafi^'t diiting of forma tinm by tlieir fossik. 

Formarionsare most cosily identified if they^ nrie exhibited in large and con- 
tinnuux exposures where die range of lithologic chitmeters in different strata 
can be observerl and n good opportunity^ is afforded for Ending fossils. As 
outcropjf: become smaller ami more rvidclv separated, idendficatioti is uiotc 
uncertain. XTany outcrops consist of undiagnostie strata uitbout diaractcris- 
tic llicir identity commnnly can be established only by iheir istmti- 

graphic n^lations to other beds. The careful observ'atioii of cspni^ialJy good 
uiTtcrops and thcnieasnnrmtni of weH-^TtpciL'icd stratigraphic stfcbons proxide 
information of great value for comparison with and idcotificaliou of othei 
outcrops. The best fosstls do not necessarily occm at the larger and more 
conspicuous exposures. \^ herever good fossils are discovered, and particubrlv 
where they ore collectctl for bboralorv rtudy. evety iifiort shmdd be made to 
locate the zone From Avhicli iJiey coiiic acLiitatelv uithhi a formation, CoU' 
slant comparison and checking of Jirli<i]ogk chuniclers and fossils agaitifit 
stratigraphiL po-^itinn i^ tu insure against the niisidentification of 

many outcrops. 

Reldtirjg Outcrops 

Strata exposed at ovitaop^i arc lelated to csdi otbei both vertlcdty and 
horizontally and the determine Hon uf then rdatinns is es.sential to accurate 
gcologSr mapping. Conditions an: simplest and Tdatiomi art inovt obvioas in 
struLluiaJly uuenruplicated areas vi^hen: strata are horizon tally dispised, 
llieit, vertical relations are revealed by outcrop elevations. It may be possf- 
He tocou^tTUct a complete stratigraphic section by coinpiling data obtained 
nt a series of qutprops wbosc ranges in elevation overlap. Strata exposed at 
different places but at equal elevations are laterally tdated and cqtirvaleuL 
III such orcasT. fimruttion boundaries comnuiuly extend essentially pamikl to 
the lofKigmphiccantov^T^* 

Dipping ilrahi that rliverge fiirther add fiitthc? from the horizontal be¬ 
come more difficuH to ickte at stiiarale outcropj because elnalion no longer 
b a guide to stratigniphic sequence. A complete stratigraphic iscction can be 
pieced together with miicJi Itisis certamty* and the local detailed coiiebtion 
of as many conspicuous and distinctive beds as possible h required. Fonna- 
lion Ijoimdarics at tlie surface arc the mteiscctiom of dipping stratigraphic 
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pLiiic5 with topogmphic If dips fmiii place to place, the aiccinali: 

Jiiappin^ of bouiiiiintv hctrunes a cDniplac gi^imctnc problem aiid clear 
viiaualiration of iiuei^cliTntnivjoiial rdatiDm is csi^Hal As dip,v approach Hie 
vcitiL5il, telutiotis agairr become mote simple because differences in 
have tio effect on iiuterop pattern in of vertical strata. I here. a strotv 

graphic section and ^tratigrapliic inter\-uls can be measuied hon^ntaJIv at 
Tight angles to the stnke. Strike direction al^j detenu hies lateral cantinnitv. 
but acciuate trachig is TK|tiired becaitiic strike diietlinii is nnE likeh to be 
eoiistant. The direttion of stratigraphic sequence, lUl indicated b) evidence 
nf top or iKjttom h} crtHs-bedding or other stiuctuteSp mu-st hr deiermiTicd 
ill areas of nrarly vxTticai beds. As dips become moit gentle; hoHe^ er^ there 
iiv \t:%s Hkeliliood af overtunmig even in areas of compleK stnictme althou^fi 
ncarl? horizontai, completely upsklc-dOT^Ti strata do occur. 

Folding of strata results jn dip rcvmBl as well as. variiition. DeteTiiniiation 
of the stratigtaplsic T£laticin!i of bed;? a( separate outcro|5.$ bexoinc^ mure dif 
bciilt wlicrc folding 1 -^ close and stmctiiral details may not lx? fidcquatdy o- 
pfj^cd. 111 areas of isoclinal dips, folds may be sn closely l.■lnnp^t^^ed tliat their 
axes are obscure. Close uttentioii to iop and botlrar obscrnationiv is neces* 
sary io imdcmtaiid thestmctimil Tcbtions, 

FauJiing nf scdimenfcaiy rocks is comiuon and has produced impottanC dis- 
pbcenienls of strata at many places, lault iiiovtmcnt consists of vcrtic^il and 
horizontal comptments. In high-angle faults the vertical component geucr- 
ally IS mnre conspicuous although it is not netesvarih' irinre imporbiiiL Hori¬ 
zon tal movement^ approacluiig gliding along bedding planes, tniiiioanJT 
has dciniiDated in low-augle lauJt^ but vertical movement also was necessary 
to pru^lntx overllirn^iting. Faults rard) an. ncfiiaily e.'fpijstd cstcepf in areas! 
of c^raimhnarily good nutemps. GeneralK' their [wesence is inferred on the 
bash erf the relatiuus of iiitcrmittently exposed stratu, shcanng, sJhciiicafion, 
aud hiecuiation in and adjacent to tnult zoiics, and of topographic ex'prc^h' 
sion. 

\-ertical discoidancc of adjacent outcrops in anas of gtntlt: dips and Iiuri- 
7ontal discordance of outcrops along the Line uf strike jn steeply dipping 
stratit are the most CDmnion iiidicaticm-s of fault displacement. Iti fjcdi in¬ 
clined at iiitermetliate auglcs, Ijolh vertical aiul huriziintal tebtioiis art af¬ 
fected r anils eiiitTging [inrallel to bedding planes ate most plainlv levtaled 
by repetition itr cluiiinatinn of ■wrnn. ptirtifin of liit iiormal stratigraphic see- 
timv lull somewhat siinilar relations mav ocenr at high-anglc faults that 
cut ^harplv aLTiis\ tisc f>eddnig. Rclatiuns of the^e types arc iiicKt likely to lie 
RTOgni;icd in corinectifMt with faults of targe displacement. Mnnv minor 
fanhv nudoiibteilk Ersenpedetectn'm. Ii^ all geoffigic mappings however, great 
discfcrionn shoiild be cxCTcjscd m the postnlrtioii uf faults tliat cannot be ub 
served directly. As g general rule, lau1 ting should not be iuferted in the 
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scnce of condu^sivt: evidence ^mfess no other reasonable cxpbnation for die 
di5co£[i3i:ii outcrops can be 

JrrftTpretrng Outcrops 

Mo($t ^eologie knowledge lias ]jiid ib ongm in the ubsen’iitiDJi amd inter- 
pretation of ou temps« ObsenatjDii^ ftimish tlie basic infomiahon. which 
invites explanation and* when iii&erprt-led gtiieraliTartons and Elienries re¬ 
sult. These then are tested hy addiLionul ohservatjons, which support or 
contrgdict previous conclusions* and modifications Or alteniabve?; inav be 
suggested, to be tested in theii turn. 'Iliis is Ihc ^icntific mcLlipjd it is ap 
plied in field goologj . 

All outcrops, even the smallest and ^jinplestn [wjsscss so mau} feahircs tliat 
an observer is nnhkely to note Uiem jII. HLv attention is dinx'lcd natumlly 
til those in which he is most iutcicstcd, OIJiltv cumiiiDnly arc neglected or 
ovetlixikctl eTTtincly. Because iuttr^ts and expertenee van wtdelyp a singfe 
outcrop may appear quite differenf to different persons. aW» ticcausc an im 
du'tduars interests change somewhat as his cxpeiieiicc expands* an outcrop 
may not appear exact!} Ihe satue On soctessive visits and mnv features air al- 
OTOsLeertaiii to be noticed. 

Kvtny feature of an oiiloop is a subject for cxiuuinatirm arid cxplanabon 
and t^n raise a variety of questions in Ibc mititl of an alert oliscrvcF. Soiue 
questions yield to ratho ol)viou^ amwexs but man} mryic do iiot_ Fxpeneiice 
has showTi that obsen atJon is stxrnubtcd and made more thorough and effec¬ 
tive if every oiitciop is viewe<! in the li|lit of more ur less well-faDuiihlctl 
questious. If piol^leniA ate rccoEnizcfl and anwers arc sought^ some infnmia- 
tion bearing irpno thcu solution w very lilich to be obmiuol. On the other 
luuid, if a field gculngist regards an nutemp as im itimc than a spor to be 
Itxatcd on a map feu the pnrjHi^c oi ttmtroliing thr dtaiving Lst formation 
tmiTudnries or stnirturc contours* he ^inm little fxsidcis mechanical experi¬ 
ence for himself iind fails to make more lhaT> a fraction of the con tub tit jou 
to geologic science that he might. 

ilie place (o raise questions about outciops anti (he strata iliat ihcv reveal 
is iu tlic field. Perhaps sortie of Uie questions can be aJiiwcfed nn tlic 
Sonic diFixt mteutiiiTi to mme or less obscuie ftiiturcs nr rcktiom likni hud 
not bem noted previonuh or had ttol been ennsidered intere^stiiig or impor¬ 
tant. Qucitjons axe likeh to inditatc the necessit} for similar obsen ations 3 t 
other outcrops. Other questions suggest the dcsiTubilih of tabomtory stud¬ 
ies eoncctriing lithologic Eeatnrex nr fossils* and specimens can be collected 
for piiqxrse. 71 je questions raided and the prablems that tbev btiug tn 
light may range tiirough the entire spcetruni geologic iiitcrcsts and iiitliide 
such diverge tupiev aJt the pfiysiogTapliic lopjuse of differejit shati to wcsith- 
enng and crosinti, the rebtious of jointing to lithologic cliaratteiv or stme- 
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tuTiil trcDdi, ihc geiic$J3 «if hcddmg features in diffetent kinds of mcK 
ciimpaiutive textures of thm md tfiict strata, the felnlRe conipsctil^nity uf 
cafcareoiis and caTbonaccous the orieiit^tioTi of fo^ils m 

hpcs of sediment* the rdatioiis between size ii^sriobility and abundiince of 
fossik, and muny uthm. In a w'ay, the smswcts to a great variEty of questions, 
and contribntkms to the snJutiou of a great variety of piDblerus *iiay t>e te- 
gsrded as b\'produets of fhdd woit, whose primar}' purpose is geologic niEtp- 
pmg, but in the end many of them may provie to be tnudt mote interesting 
and importunt than a getdugic map. 
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CalifDnrifl, Cmo^ ttoga in, 444, +45 
Monterey Chert, 69 
Tertiary climate, 577 
Tertiarv funnatiofis, 4!8 
Call|£uiii« eo£at, arntmenlal 144- 

245.171 

□Bshoie tiJt^j^pliT and stmetuEt 144- 
245,14; 

rfcisttjcene deposits oL 551 
Calipn: Icig^^ 617 
Camlrrian, base nL 42* 44 
das^j^ccricin in Wisenrain* 474-475 
KErteU±ijoti&, S6Ci 
cdzcT^'ise coEgbrnefate, 111 

hcics* 515 

Qtdovcdaa bpimdaTy^ 19 
mbdlvision of. 462 
trilnbite xenm^ 559 
unconformity bekw, 409 
"Uppcj*" 17 

Cambmn System, 51,17* 40, 41* 43 
Campbdl M. R., 66. iD. 517,146 
Cautida. B^le FomiatiDn, 459 
OtMtuan ftefe, 494.49fi 
rteanubdan, 4? 

Canfldum Sme# m Sjatcni, 19-40 
Cmsdimi liuetd. liedimcnti on, 2S5 
irilble Eiuekiu* 27B 
Submergence cf, 278-279. 582 
Omey ShaW« thnn boaedar? m, 410^ 441 
Catb^ difndde, 145-146 
dtemioiT mtem* 151 
importance of, H5 

IE isri^oiiflteseduiiimtsu 145-146 
b organic sedimenK 146 
b lea watn, 146, Z15 
Caihmi H. 14,547 
Carbon latiiis. of coai. 66 
aotn^ H* 547 

Caibonowui omtedal, coIh of, lid 
sedimciiteiy^ 151 



INDEX 



CvbQttatimi, mast and tuo^ase, 

J46 

ci mmcrak, H5-146 
CadMudalc Fumwtujn Qt GiPUp, 
bouttdariei of.477 
Cuihomlttmx^, dimaiedf* 57^ 

£aa3 bflJli^ IZa 

1^17, 40 

Tink of cpalf 3 J7 
iabdi%'istoii qfn 44H 
fnhsTstmi\ 3S,. 

Upper, 39 

Cnibunifirrau^ limcstuiu:, M 
Carboniftmiu SjrateiQ. 3i* 4fl^ 4lf 
42,44 

Catlbbutn Sc2* dm baiia, 24& 
ji imgma liUstra^ 231 
Wctinic ii]anii 246 
CzniiviTm, 226 

rate of tt'dlutiyiir >60 
CatcAdc Riogt, !u tntiEr arc* 244 
Cflicadiati diahubance, 357 
C^spidB Se^t isolatiDn of^ 2T2 
C25t^O, J. R., SO 
Catoctm Faimadon^ 69 
CatHkiU delta. 153, SD3 
cnHs^ection of, 302-JOl 
fonnci mtcipictition^ 304 
n^RSQ^ir Tclatimuhi, 303 
timc transgrHaivTj dcpOiitSr 4 J7^ 428 
Catsldll red bed^; uibdivmon of, 429 h 429 
Ccnicnt ainoi^nt fil« 311 
and mhugianoloT vokitne. 94 
oakitt. 3?. 65, 77, 294^29?, 309^312 
dittlcedony o^ chcil, 293 
dolomite, 294 
m cflncfttsoas, U6-I17 
in debrtal nxibs,. 5? 
limoiilrtT 138 
ptarxgeiiesEa «(„ 9% 
i]Da[iz» 294-293 
Alica, $3 

laliibkra of^ 1 30, 293 
KP«ia:€if,9l.293.3tN?l2 
Ccmenbitioti, 93-9i 
flud feck sttai^, 293 
fil ligie$ftmcf 61 r 9Sh 3Ci9u||2 
of sand^touje, 294-295 
of ihalor 3I1 £hI 07 
time of,. 11 Mil 

Cenoaoic. dimatas in North A-riot 576 
dnoikm of, I3 
nland snd Tnuunbin anzs, 267 
iodt« Edoitplkd Hi Frnnirj^ 43 
ibgd m Cnfifomifl^ 444/44S 
KcmpccatuFcs, 604 
Ceflixmie Em, 44 


Cqdtalopcidi^ 200 
ClmdwiclcpG.lU 44,451 
Cbalccdimit chicTt, 118 
ChaltfiduHy mncnl, 291 
Chalk, 163 
Tfe, 34 
ChalliDor^ J., 3Q 
Cturmbcri^p T. K., IS^ 

ChambcrlmH X IB, 40+ 412 
CbinTTpIflinian Scika or Sy^Eem^ 40 
Channeb, dqwdb tn, i74, 1^, 1B7^ 4Sl 
CTosi'an ot 396 
iritaw'lieal, 402 
P£3iir44i';ini^+ 411 
l^uid^lonr fTtkd^ 488 
Ouidm Ltm^rfone, fiibsnifiTte amt, 463 
Omrtt. ct5Kekti£titp 62MS26, 629^631 
range, 

Cbattaiiixup Shale, imambfc criTimn- 
□lent of, ITL 

ai pracbcal fiormaUoa^42> 
glBUQQcfte ziid phuip]iaie jutdnki iibo¥c, 
400 

hmoQgcndtyof^ 364^ 432 
ovedsp ojj Ordovidaii, 408 
phi^pnaihio oolites, 7?^ 76 

of, 431 

syttcmic byondiny in, 431 
iiarDxifnmiitt hdow, 4^\ 442 
Oied^rbtiiml f Jirirttotig, dmation of 

itanife^ 464 

Chcinical (kpotits, \ S2 
Chcit 69-70, 118 
and 5tTati£catiDiu 160 
atnutcmps, J L8 
bedded, 69.70, fl8. 36Q 
cciDcnl, 295 

ehanjetcristic of fonnationa, 118, 673 

ecnicretipTis^ 117-120 

mdenct ^ tracrmfonnitTp 403 

in s^iibs^cifaicc. 119 

onlitic, 128 

oi;^n (if, TO 

p^arv or secondly. 70.117 
irddn^ 119 
fwiirtc of 69 
styloUiBiiip 121»i23 
twrj geueradfsu of. 70+ IIB 
CheitfBcatioii, and hast 
506 

of Irrtiatone, I T 9 
tiinti gl. 7tl 

Qieitzthiu Ssrfeap name ol. 458 
nnccDformitY below, 385 
Chicaiti m, ^dTiiixn re^. III 
saluhotL d SilnrUni dnl umitw 404 
GhUe, oceanic tench. 264 



688 


LNDEX 


CliHbcjvret Gibuo^ lubdiviiicni of, 12^26 
Clmia, loeK, n5. JSl 
FtrcajiibTkru 4Z 

CliLisj Seg (.Scuiih) ^ deep b^n. 24^ 
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PcbblelT 90^ 92 
de|KHliiDn ofp 52 L-122 
coital* 53 
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Pebbles—I Continued} 

fflcetcii iind jtn^fed, 78p 9^ 173 

fotm^rp in oonglurq era tics, -fO> 

glacial, 9? 

in graded bctU^ 106 

thraatonn. 61^ -HJ4 

locally drn^'ei 404 

phf^hatk, 76 

{Mdiwni 92 

ratmtog ofp SS, 59 

i3iak.404 

shapes of^ 59, 60^ 92 
stream^ 92 

transported by gladcB, ^56 
Pdagic orgstuini^, oclcton and qianktm, 
Z09 

Peleeypods 199 
cxunplete fcasilt, 365 
i3X£ of evolntEOiir 561 
P£lInlicr.B-a,m6i4 
Fcndl 461 
Pcnqjlimc, Ctrtaceous^ 279 
Prcenmbnsn, Z73, 409 
Penn^foinis, Dcvraiiiu CatihiH 
IB5,417 

Pjtubufgh coal juid odtr, 460 
Upper Dev'ouiaii of, 423 
Vcnirn|o oil sacds, 461 
Penosykaninn^ ha&aJ Liiii^knncratr, 40S 
blw shales, 171 
bTiiTal d clay, 502 
Cancy ^ral^ 450 
dassiicatJOD and coticbtiOTu 441 
cOBital baiSy 166 
columnar icctwn, 614 
qoDgloiDciiileiif^ 405 

cofTTiec.4ki& ol bottim. 5S2 
ciHTditHin of coalsL 542 
cyclic mljdFVTTiinii of, 461 
cydoThems, 371. 372, 371. 373,614 
di^icntiakd Icoiu Mmmippiiin, 440 
exteiil oj ctisb, 177 
fades itady <i|« 535 
bcary mineral d. 56 
betefogemrity of for malinttf. 4J2 
in eastent Kaiuiu, 6M 
intncTctical chjuinds. 402 
lolctr^ticrirs crfibaki, 4fi9 
named d uibdfrbiom, 4 >7 
mientation af plants 634 
OTcrkp (Ri Mmisunpum, 3B0 
Oiitk miilWi 19"^ 
pLmt) m concladDiij 116 

quBTtz pebbles, 336,405 
sdodmtEme dumnds, 411 


Penmylvanian—(Conbinuaf) 
ihdf memticis snd foimadmu, 469- 
470 

ihiMiig shmdincip > &2 

nmkholc coak 176 
scidtp 402 

Rtliirfon below, 404 

somcc uf 371-372 

sobdivjdod inta cyclothecns; 477 
asibdrytsiun of, 4 26^ 440* 462 
UDcmifoitiiitici and formafimi 
n£Sp42S 

nnconfrwjmiy heW, IS3, 397,440 
tmdcidflyi, 64, l.|7^ 403 
s-all™ hdoWp 402 

PeuiLSvhrjnian Ptaaiifln bcarndarv, 446- 
444,447 

Peimiykau^ Scries. 40 
Pcfmiy]\^amais Syrfccnu 39 
tnemboj of^ 435 
snhdimloas of, 434 
Pepper, I 17* 4S2. >79 
Periods. 4lS, 449 
licked to *)Rrtcni5T 4l6 
tqnratkin nf, 3B6 
Pcnccabiilhf, 95-99 
Permiiuip briKrKioppd zocei, 191 
aMTeUtimH in kacky 6}Q 

of Bngland, 446-447 
of Rtema, 446-447 
reefs in Rimlit 44B 
salt in Kansas^Tt 
reiisTcefi, t6S 
ttncQClomuly BcTitw, 446,44S 
PemifBQ Series, 40 

Pcnnum Syatem, 34, 37, 38. 39, 41, 42 
Parim? CaitiatiiferQUE, 42 
POTfl^Tri*i&c. 41 
ev^apocitet, 73 

Forinn CoJf, gcmytidtne, 276 
niddcm gcmyncUae^ 27> 

Pej^sectni; hi block diagrams^ 6iJ, 654 
PcteriHi^ J. JL. 591 
Pctitilcmn, liydrc^en coctecl of, 67 
geok^- and stratigmphyp 6 
hi reefs and bMiemti,. 4B9 
odghi of, 6T* m, 317-31 a 
qu^ty orif, 67 

Ptfrulo^^ sedimentary^ If 49, 63 
Fctbiolifl, Fk f,* 57* 61, 61, S9, 142, ISS. 
34S 

PharnffoncthC Eon, 44* 449 
Phase change io nr bchw emst* 248 
Fhilipptnes. intiodnc-^ g^4StTi7p4d, ?66 
Uil inkigic mm 618 
Tertiary naj-nearhig 376. J77 

FhOlipi, Jnhiif 44 
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Phillipt. WiHum, 3$ 

Phlcgcf* F. B . IBS 

PhisspbAtn^ jt 195* “WD 

beddctl dqi^wilt, 75 

cbEiDu:^! depu^tioo of, 
in fii«:a] pcQets, IQD 
cKiliiiCj IIS 

nigTnfc amccnhah'ijn dp 75 
pebble, 76i 

PLo^pboriA P^OfSELdtiiia, 75 
PhobDgraplUp i£naip 654* 665, 667-67D, 
672, 673 

iEdi:Ti7pliE^ogt3tfdi^ 655-656 
or sketfhEi^ 65-b-656 
Fhyski, baiEE of all udsnDSf. 57Q 
FhysbigiapKr, gbidal fcatnies, 449 
of tfxUincnt); 144-169 
PidiWp E-, 156 

PiedmEiiit Plateau, age of rocks io, 253, 
Z6Z 

ai edige dI magma bUstcTp 256 
3scio<kd cugoosyndtiic, 262 
as Riser priTsarv vtc^, 267 
aa part of Appalgch^^ 255 
PiciTc Sbale; mf^Fnhminlkujite d, 319 
l»ilte,W S„rf^m561,539 

Fimmr L 599 
Piaolita. 127.128,1711 
Pittihuigh coal ndcr, 460 
Plankton, 209*211). 229 
^'Oj^pbic abiimlanoc ui, 173 
io (fcp f CO wdinurnt. 175 
loumcof 152 

Plants, as piotective land covcTp 169« 230p 

dkarcons algae. 196 

caibonizcd rcmabis nf. 6& 

coiii|uiiil: of Itmd by, 146 

decmpofiticin of mmerab b^p 230, 232 

ciiTiifinincntal isSoence of, 229 

tvidcncc of trimtiial conditions. 193 

evoJntinn (il+ 345 

iinporttiu:c of Jlgbt to, 2)9 

in coal balK ^2fl 

bt concictionsi^ M6 

in r^'xmp deposits, 176 

kdbl jkc ^egowda* 196 

land, 195.196 

EROcf rat<?d debrisp 152 

madne, 213-ZH 

pigmented. 22 S 

plaiikttEfik, 196 

pmer^ation of tiasnes, 13(1 

nwl- 1 fD 

Item cKiettlTtitm, 634 

Plastic fimit* 297 


PLrtfwma, and gcoayndiDes, 277* 281 
and unstable legkmfl, 27S-279 
Playfaic, John. 27* 29 

Pleistocene; olbnafk; diKoec^ 551 
gla iHal rIaffirifirjFtnn; 
inlngladal aoCs, 64i 462| 403 
Jocu, ISO-181 
Sbiiomctnc dating of, 547 
temperaEufe cydes* 55J 
temperatures fiom deep sea coccs^ 243 
tempentnm zones* >5l 
Plcbtoccnc System* 38* 40 
PLtoeene, tnewrr. 38 
Pboceiic Sen'et (TTSl^cnv 35-36^ 4L 
Summer* F. 3S2 
Fiutonishp 27 

Pooono SanebtoDr. rciatlons to l^evooian, 
399 

Popetioe, Willij, 569 
Pofosibi'^ 9S-99 
and depth of btmal, 96 
of calcareous sedunetjf, 307 

of limestone, 61* 62* 107-309 
of mud an d clay* 297 
Cifpcitp31> 
ol ^and. 292 
<d sdnditottc, 393 

KOondaiy* 308 

Portpis Greek FunELalio4l, mimtmonlhTnTtc 
of, 119 

Portland Beds, 34 

PositiTiT iieas and pakotcctonics; 594 
Pcurpiotorntoic Eon. 44 
Fdtaksituii-aigon latio, 15 
Potassium 40* 547 

PnttcF, P R* 317, m, 148. M9. 545* 633 
FotfjvOle division, upgiiding of, 434 
Pni^ell* J W, 4S] 

PrecambFian* a^e, 99,147 
black stale, 171 
biirkd nFrfiKiCp 279* 280 
CTiWiaceoot rncicsi 231 
ComdatidiB* nil 546 
gkuomltic mineidik, L36 
graded beddingp 108 
hemahte, 359 
uobte^, 127 

pcoipLiitie. 273 

wihed$.m 
RTvotution* 381 
tocb, 33*37,41,44 

stable nudei* 278 
lubdEVTsiona, 4^43 
tbnc trnce, 11 
topography, 409 
uncoulormity,. 3S1 
vaives, 566 
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Frobghility mfvc, 60H 

TOic- and twij-ptirat, j 
liphcncBl, 640 
PifHcimfik' T.ts^ 43* 44 
Proz^dc Km, 44 
Pnnr, W_ A , laf 
pJiCLidcpcotigloaieTTtt;. 58, IQ^ 
Psaidcislnitifcatjnti, 360 
Pij-vihiwnic Em, -H 
Piigk W E. 339 
Purbtxi ^ds, 34 
Fyjorlftsfic niBtcns]^ '9, ]8l 

Qii^dmiil SaniljitiTTKr and upper Aniidftu 
43n 

QiiartT, KTnent^ 95 
gmiti lirhiF«H 

fpbfiijifb, 1 ^5 
vatitJiciftf, 340 
yuaitzde, 205 

and dehv Ed sf^dimait, 67 
nrsiAt^nC^ to tirudtttL, HS 
stykilitcsinp 121 
iiakcmaty, 11, 17, IB, 39 

ijcbcc, Levii CiMigluiutrutc, 84 

yneshoRs, gf^jlogtc, 67^ 

K33sch.G.O,*475 

KadiraiLrnity, agt dcbemmLatimi. 12-13, 

.^7 

B^' tuiLE=rtaiRhcs, 147 

417 

iJouKc of ticat^ 156 
Huidinm mm water, 14 
RiLii print?!, 11 ij 323 
Raisz, Erwin* 67^ 

Rambci^p JJ4 
Rmtall, R-H. fil, IS? 

Rjitiihi luid pmmtiiges, 527 

RmnL 36^17, 3B, 40. 44 

Rcdmuaiwancc mapiiiir^ 67lp 671,675 
Racrrv'TtixIlixvtiQn. ^^triLutiuJi yf tntuR, 
100 

lA lunetofif! £iid dfiliiTnitfr, 60, 62 
Rcdli«h.43,T31^I5>. 170 

aad diTKrti, 131 
and ciffparites, 74 
tiaiJ: red. 494,493 
bltarhcsL 131 

depontim) iii Caiabi! della. 429 
ctiitfimmcnf d^ 3Z4 
XlksiiMippiati Pmin5jKuTiiiUi+ 4 30 
stahTccciIorof, I3S * 
thtupei of ofTgni, 134 
typicall}'imernial. 111 
Red Sea, nmdi^Tti tuliici. 127 

ubiiity uf. in 


Reduc tion, byoFgsnicTiialtef. 153 
of rnm, 154 
on m bottom, 131 
Res6i, 4ii8, 489,312-513 
aiid ancicnl tninpemtmita, 573 
and bkiherms, 325-524 
and tkpLti of water^ 169 
»tDlK494,495 
bjjrricr|494.r495 
bkiJo^c iDnatmu of, 22B 
hordenng MitQiind biLsin, 16" 
exmipacHirm adjaccfnt to, 5{^3 
cdupacHon rtmotorefi. 98 
txiiES, 49ek49i 
dipi in Saakhif beds, 492 
dj^tribiitian of. 16$-L69 
ddlmnil^tinn 1I3*3[4 
fiaddof, ^91 
flank beds, 49| 
fmiTidaljdii <jF, 492, 49# 
fTmgmg,494 
gf^’th and ica level, 493 
growth of, 163, Z29, 400. 493 
non tedimentsre timncwoirk, 151 
oigao sc, 490-4*^6 
irigatik’ Comniiuirbel of, 22S-229 
patcli,494, 496 
platfomi, 494, 496 
fedhnfnis o^^ 1643-169 
slmctirre in* 163-169, 491 
taltn of. 492.494 
thkkiictiQf, 169,4911 
typ«uf.49-H96 
HoeaidEp J |r_, 369 
Re^, D. B., 562 

Regressive dcposib, ptesmatinn of, 42fl 
Kckhe, PitT> J80,186,632 
Rdhm* P. 11. 287 

Hrtinult liiJiiestone^ conelomcfBte of„ 
4^5 

tmconfomiitj? beW, 410-411.415 
Replafxmrnt* by diert. 117-118 
bydokmitr, 62* 152, 312 
by TTon mmottb, 76 
by pbd^phatd. 7?„ 76 
in taudstmie, 29^296 
Sit fouik, 128 

of limi^torM: by ylica. 69* 70 
irf HBttUlia, 116' 

KeptLIevZDS 

giZ£iird ylOncE o(, VZ 

Ho!ica.rc!i libomfnriQ, 616 
Reodnal toil* am:l ktnd of bedrodL 673 
relornf, 111, 114-155 
Rc$uti«ty sLutves^ 6H 
Rebornhfirre* 3S6,188, 389 
RcynoliK j- U.^ 16 
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Rbitciic Series or System, 37^ 47 
Rhine 181 
Rhndaia^ a]df?t mcks m, 1S 
RidiJ.U 143. laa. 2S7, 787 
Hiciianb, T. A-, I SI 
Rii!cr craii, 4^ 

Ricctcc'f mintiple, 

Kifib>. ].k_&L 121. 18a 
Ripple 108-111), 187, 324 

md cuEicnt direttioo, 117 
jiymmctncttlof ciinml, 10S-1D9 
cimetit. 111 
giant, 10^ 
in deep IU9 

CFntntivtioa ol, 108 
<aeiUatiDii, 159 

svxiimctdcal or osdIldtEOiip lOS-109 
n'ptral ffirms nf, ^>9 
Riltcnbctg, C., >47 
River vflllcvJp 5ttihi|ily ofr 
fiibmcT^cxl. 746 
RobiTiMijTi oil ^nd, 461 
Rode pdvenicat, -atrialed.. 73 
Rode leniii, earlv indiiciTminsitc me 
415 

Rdde-tunt unih. 420 
Rodt uiiiti, 42CM35 

snd bECHlrati^pluc imiH. 451 

snd limc-iwC anil>^4l9. 428. 417* 440 

clun^ in. 465 

coirrplinciHiw of, 465 

ctmcqji u(, 415 

omhik'd Willi tmt&'TDck imits. 413. 420, 
444. 457 

coirsEatemt bHiuiidancs of. 467-463 
diifcrnuzc;: disgnhcd. 466 
cxfmin-e or 471-472 

Nkrenttion^p 42Mil 

Jotnurh. 4“4 

PloistiK:i:uc. 450 
groups. 411-433 
Utcnl limits of, 466-469 
litcml lithulr^erc changes in, 469 
1i»1.472 
nitMllher^. 411—415 
miu§e with tiinf -nxle cnifice|rtr, 414 
tmmM uL 456-458 
telitTviU ofp^420 
iiib(£ri»on oF. 420 
tvpe liJcahriiiH 463 
UD^quiiUy ubjedivc Of rntportantp 466 
wedging aut of. 469 
Kcjdfis, and miduill fnik. 145-544 
and timr, 4l4-^i6 
dtluttary cbiuEfieiilicm ofp 51 
JB camplcx znixfEnct^ 191 
bedding 0 !^ 101-108 


Ronki— { CottFrnued) 
hinmuunus^ 6>-69 
113 

carbonaccom^ 65-69 
rnnentuhon qU 95-95 
ciieoiicil %in»thctiug nf, 144-148 

daiiiftcabmi 
ploUNir ^2 

colnra oi 129-H(1 
camp 0 [±ion nf * 9>-99 
cbmcripticm sd, SO-lf 
SI 

dctnlnl t^iieSs 52-60 
dkgenetk aTtcration of. 292-318 
early clasihcahnn of, 32 
field daidficatKEb d, 51 
futgineiilii, 32 

fredi mlnoaf^ 117 

lii&tcifkral reconstrnction of. 191-192 

QLteipretatinn of, 289-150 

leached, 63~64 

limc^tnne :Krie3, 60-61 

Fnai^ivc, 101.103 


niethatiieal disxalE^gniboD of, 148-L5D 

[uisconcfjiikiins l^o^c1^Tn I9 

niitcd, 65-64 

notice of* 18 

of ctigcQsvndiDa, 265 

nf ufand and mnuntain Jics, 264-265 


of miogcosynclbie^ 161-167 
of ueimdaTT ata. 161-267 
oh^. is 

oT^mb: return of, 99- 1 CKI 
peruualuUrv of. 98-99 
pho^phatie^ 75-76 
poiDiity of, 98-99 
piima]^^ 23^ 11* 31,1>, 41 
prrmstivtfi. 14 
«idijtiuii of, 1 30 
Stfucturey of, 10(1-11^ 
tcxtujQ of, 83-IOLI 
threefold divititjo of. 
tnniy^rtedL 21^ 25* 52,1? 

RiKky hfnuDiafm, Cjeta^^^ons dJsturfy 

in, 388 

A'liidL'Kin Lfmestonn* 411, 478 
MancoB 470-471 

Mc5a Vcfde bandiftme. 470-471 
toTt^Utal Tertiary of. 171 
Tertiaiv formafion^, ?64 
RodgpTy. 'jotia. 8L 1&7, 188. 147, 
567 

Herman feknee, 19 
Rcskdaie ^^^iuidiloiie^ 64 
Rofliegeaicit, 40 
RiMiadneiis nf gndiu, 90 
Robey* W. IS8, H9 
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RutiedcmaiiiL, Rudolf, 623 
Russia, CailKmifcTOii} cljcnficatioti, 460 
Ci»iboiirfcioijs tif, 38 
Pieamiaii rrcfa, 492 
Fernnimt Sj^lm in, 44<M47, -HB 

F Fh* |r., 476 
Sacajswea FannxfjQa snrf ]tWEi Amsden, 
430 

SacxiiarDid^l Smdxboitr or St Fetet, 4iS 
Sagm, C L, II 
Salura DceH. ootai of, 133 
dimes in* 170 
dmt fnnn. 1^ 
wind^thomc und friTni. t67 
St. Loim, Mo., peEidual g;ra\tii, 40 S 
St Ijsim liuieatiBtf, av tini£ rodt unit 416 
COTiglCKIlieiqtl^ ijL. 404 
erf ended jt^dgnition o|, 475 
idcntiftcalioo of, 674 
imJen tcsdli ol^ 416 
reiti^PGii ot 477.477,478 
tramitirm td Stje Cenenievo, 425. 412 
uncDoformitv above, 38S 
Str PetCT toliaR «nd of, ifiQ 

heavy mineiali of, S6 
hktogtam, S9 
histoiy of, 336 
idcntibcation oC^ 674 

iiita^Timiiki itpictine, 294 
cM^SaorimiDidal ^nditooe, i5J 
mvorked iwnd tn Deroniftii, 343 
touckded atid moeL 77 , 92 

tmic4j3D^»skni of, 417-47S 
ttiinigresHve jtn^E^ic rclatimw, 427 
Ste Coximevc l-nT>csto«rp dii$si6catian 
0**441 

cpngfcmifliifcabove, ^05 
eifended feeognitiem of, 475 
iteoodbiy purusity of, 404 
sepanted fcom St. louir, 47B 
tiansitioii to Sr. Lonii, 425, 452 
wuronformity elKn/e, 410-411, 423 
tm^mlomiiry below^ 345 

Sjlnn JJnieatonc, rniiiairjtK^ cd, 61 

pnma^ porosity of, 3aS-3(]9 
identinearion es*, 468 
squiated htm St. Lciuii^ 47g 
rtyldlilcs tiv 12 I6fl 
SalEni rornratfuo in N'ew Voib, 74 
Salinity^ of Ingoosu, i 64 
ofieawilef. 2iit-ll4 
SaiislmiTi R. D-, IS, 40- 
Siilt70:74jS2 
dkpfriv 75 
domes,75. Ill 
ndutioo and coUapsc of. Ill 


Salt fUngr. pcfflpbic ovvsthmwl, 29 
Saltflfioo, 115,160,179 
Siinil^ alirxuon of, 92,114 
angle of repose* 104 
caicaneoiis, 6i77.94 
<imiptttive atfmgtb of* 96 
cmstitig ct 293 
dinmt fransportaiioa of. lOB 
dfipositimi of, 322 
detntal, il 
di™,91JT9 

eobffn, 64,77* 167; 174* 122 
Buqttmg grams, 64 
odcntatinti^ 6|2 
Imtu^rmu, 89 
m Rikaiectiii iiedtoient, 167 
bi deep wulcr, 16?, 174 
litt^, 4S2 
marine. 321, 432-483 
oil bcadug tin}E3toue.46] 
pomsJtT of, 93^ 292 

tinnnJod and hosted^ 64, 77. 911, 92^ 
IS§ 

muudmg of* 336-337 

TooDdmesa on Guff coast 179 

tecmidaiy cnkrgimienl of, 91-92, 340 

settling velucitr, 54 

ibfJCTtToigt 174^ IB7 

fat for, 53 

Sacd-blasHrig, 92,149 

Sami Ipodiei; diiturtron Of. 303 

Sand absiJe 527*. SSI 

Saidbrn^ affsfiijce,^ 165 

Smclu, W. L 17*479 

SamJbtnnc, >5, 55-57 
md Mndy jbik, 55 
argillaceous 292, 29* 
as formatijun huLmilmrej, 426 
yuiili, 136 

cei3>ciit and lOEergnnnflar vednme^ Hi 
eemeiit m, 53,93,194 

oemcntaliun ot 97, 294-195 
chxrrncb* 4ft8 
cbfrtiScatftHi of* 7D 
da^thcatFon, 56 
dean.16Q 
colcETi of* 133 

cmnpactifm of, 96, 292-293 
compcdtltm of, 5 % 57 
cm]E:ieHnn5 116 
cTosS'hsddcd. 103 
cm^s-bedding oncntaliou, 100 
derived tediti^r* B7 
diageuesir ot 292-^96 
dleclric diaractcn, 6LS-616 
cDvtmtimcisfalrvidatfse, 191 
ClOllOQOf, 14S 
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SanilslQoo—(Cbrdmuflf) 

10$ 

fossf €a:its tn^ 110-111 
intcTj^TTniibrtfjluiktn, 91 
nih:!^nmuW vdirnie, 91, 291 
inm vtimmg oL 
Ittbolci^kr associldcms. 161 
land casts, 1 i 3 
HITRlUCr 165.115 
t&jijni^ liaiisgresnvc+ ^2S 
iiLUsiivc Efldei. 339 
Diabrhofi S6^29+ 
iRrtttcrifY flft ^ 
noa makine, 77 
oi:gnilc content cf, 69 
uiitcn^ps, 6M 
pcmie^bmty of, 99 
piTiittitjr ctf« 61/291 
quartz* 56^ 57 

recmUnizaticRi siid rtplacenunit* 295- 
2^6 

rci ll4 

Rsidiud lofl itnm, M5-344 

jrapb taMts in, 108 

silt CXiTllHlt of, 

it£e iiuitJws* 509 

itylabtcs iHp I2lj 121 

lextim] ^nulatiun to 162 

wrafhcteil cokjca, 117 

S<sa, daiity of watcTp 220 
Saing^!. D E-.-r-ff 
Suony, Wcmcr'i ob5cntatloil9f 25 
ScarcDgm* 223^ 226r 161 
consume ^n^OTiC itmEtCf^ 111 

Sebeide^gget, A. E., 287 
Sditti£k,H a* 452 
ScLinipcr, W. P., 41 
Schmidt, |chs, 21 1 
Sclimidl.k-P,.211 
Sdiopf, J,M.. 81 

Schiu:;^!* ChaikSp 12, 40, 2^1, 287, 
JS9, 411, 567, 568. 59t, 5i9. 599* 
600 

Sc^Wi^enad 447-448 
Sckncp and history, >7<>-5r72 
Soott A. L 552 
Scott. G*yTc, 2*8.325 
SoutfflipP* 0,82.138.231 
Sea rci nwwiKmi ediknce oi fossik. 575 
Sea level changes, Z7l-^271 
Sea WitcT. atk^mll)' ssf. 236.195 
and dehydratLon of limonitc* T6. Ill, 
115 

caldmn caibonafe soItjbQlty fii, 15] 
cBtbon diuetdc iiip 145 

dissolved gwa iti^ 114-216 
e^'apoEfltioi] of, 70 


Sea walet—'{ContifmaiiJ 
light penetfratiQo in^ 219 
ma^iQtmii 6} 

mmcral inattcr in. 70,71 
nntribilsnaT 214 
exy^ cxmtmt of,2tS 
ph'ofphafes in, 75 
salimty 0 ( 1 ^ 213-114 
tempczatuie changes m* 551 
tcmpciatme* of^ 2J6-I19 
tmlAlitytif. 220 
SeamoLinia^ 172 

Scaimds, and assodatad famiai^ IlO 
and entnppcd ^hTrent 232 
kciplite. m 

SMice of oteatiic ydfnimt, 110. 152^ 

170 

Sebdji^ Lnnicp 656 
ScccnidarTenJargcincrit, 295 
ScamdaiyitidbClIp 32.11.35 
ScetKHu. ctduniiw. 613-614. 61S, 627, 
649 

compnsilt, >64, 611 
cross. 621, 627. 642 
gnncml □rpmeraEized^ f63p 613 
Outcrop* 6i 3 
standard. 561-564 

jtrat^tilik. 563. 5Z0-62J. fill, fill 
stnichiral 521-625, 624-625, 26. 642 
Sed^idr, Rev. Adam* 37, IS* 43 
SedinicDtaii'partklD, calcarenus, 63 
gain &j£C and cnriEntdiitctimit 138 
iwe ranges. ^4 

Sedieieuliu^ ioo« in Cull of Mexico, 544 
Sedimeiitolc^p pinposc of ttmly, 86-87 
Sediments sbiaiifin hy, 148-149 
abmpt change of* 165 
jbytaal. 172-174 
amouiit and Itfnd of, 354-IS> 
anaciobic, 1:70^172 
and adioihaJ water. 9fi 
«nd hottmn conditions. 22Z-2I5 
and cuTjrnt ^'elrarityH 156 
and 8cep4ca dcposiHou. 331 
and depth td vratet* IfiZ 
tnd foaiK 324-332 
andorguiicdtcratioup 212-231 
and PKmnbeian ui^auisinlp 162 
and HFuiee tock]^ 34ft-^34l 

imd wm actum, 165 

App uWhjfl-n 271. 285 

as cause nf tulisiilDife, Z54 
as ri'idence of bottom ciiiidiikMr 191 
as imKturcs, 86.90 
as toctoujc Ttcrndtr 217* 367 

i^'ailibiJity of. 161 

average ty^of, 165 
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Scdimen Gcmhiui^) 
ttcdding iD^ 10L-li(ll3 
himodality 01 , 9l3 

OFiitiD] of^ 36(J 
black, 170 

ofj m 
JO? 

caibcmate^ il0^H2 

cave^Oing, 4 

cxmrntatiini ol, 

cticmica^p 3fSp >>9 

cbemkal minpoaiTidD pF^ J 1^120 

coaifcncss SI-86* 12 3-3 22 

CQ^an wf, iZ^i4i!p J24 

rompacliaji of. 0^-99* 297-106, 131 

cpmptcK hiitoti^ oF, 136 

tkThk. lai-iai 
liensitj-jn watef and air 159 
dcpoj^qn nF. 90,161-167, 518-334 
depQsitujnal aTvisnniiicn ti uF, 90, 575 
depth and pressure of htmal, 299-302 
diagcneuvul. 192-116 
direction Fians^pazlatioiK 578 
diistiirtmiccnf . 356-15S 
dpwukLrpe u|, 114 
cnlrappra hy orgamsms^ 112 
toluii.79. 159. 173, 175, 178^181, 535 
crapcirtte. 170 
Homilalltm of, L59 
HuviaJ, 174-175. 135,431-482 
FnrruaHou ui, 144-115 
fiotti CiEiflUiiu Uiield, 285 
geosii-ncliitfll, 2515-251, 274.486 
gbrial, 150.177^378 

j^miri pElf ikifi^ m^. 93 
hisEcjgriiins of, HU^ 89 
ui df^pica epier 24 5 
in ^tiuries, 165 

mOueoLe orfsnuim f?n+ 230-233 
jEitcrreef,491 

FntcrfTiri^Trcd* 175, 5111-501 

lacimttiiic, 17 5-176 
lime nmdi 309-110 
liWnnit 181-187,4^2-483 
locftl sfmcjural cuiitio^ of, 284 
Inst tr? deep sea, 241^ 242* 241 
niatmc, 162-174, 335^ 4S4-4S7 
□Laisii'c, EOF 

luedial vkx intl pomuty pI, 97 
noneraJDigJC mahrnh’, 34^. I4l 
luinjzTalcj^of. 3l9-^2U 
mixing iff, 363 

niitdcly, 165 

luHTunifofEiJ Aopph uf, 356 

ol dtsp »w, H, 6 \ Jlj(7. 158, 175, J20. 
;Z4 

oj mtennediate dtpOl EUiUi* L72 


Sediment !—4 
pf Minnsjppi ddta, J S2 
of neeap flooi. 162 
(rf orgi^nu: iieefr 168-169 
of dialh^'ronr. 166-168 
f3f disillmrinLicidv joftc. 165-166 
of ihalJow sandj EDue, ]64-f65 
of tEirestdd baiiiu, 584-585 
Texa^ coastaE ba^. J65 
oF tnrhidiF)' Cltnrn^ 1 38 
offshan: gradient of. 164-165, 543 
ofdctlv change m. 365 
oiganic, 150-155 
organic esnhon aud color 68 
ofgaiiic pmdiHLltdn oF, 210-212 
ungiual liic uf, 87 
Ouadiita, 285 
oxidation Mate of, 131 
palci^cogmphic .nideiK?c *>i 578 
paiainetcn oL 86 
pcnglad^l. 177 
permcatiJity of, 9S-99 
pli^caE clianKrtimitics of. 321-124 
jriiysir:igfaph.v ol. 144^189 

pIaR:tic:ity of, 96 

poTDsfiv and dcftiih of, 29^ 

penalty and gmin joh: of. 96 

pofOiity diid voFloiu; of, 9 5.96 

panmity ofp 98^9 

iclauoji to alTOctnir, 217,234^281 

tepcIidoiLis of. 363 

ftiythiiiar uT cydic, J65 

iett|mg\d£ii;iTte;i^ ol, I ^ 

diapc of partidc!i. 9U-92 
ihnakaErof, Mil 
Uic aud enviruiitncuE of, 12? 
ntt and w-atcrcmitimE of, 2^ 
iiitc di^fibutkin m. 6^5 

iiEedistdbiiHwi pattetrfcs 1Z2-323 
aLMiatmn in Gnlf of M«icu, W 
sorting dJ, 87-90. 322-521 
•Ptirtx: nf, 34fi-546 
ihibOityof. JI 7 

itjijrtures of. 100-128, 123-3Z4 
mtUix itmikinga m, IE E, 321 
fwaiup. !76-lf7 
femr&ujal. 162. 174-10E 
ttJitnniE matunfy, ^J,9| 
iratnt«itf,83-lNn 
thkJ^nesa and dD'.'uitwTifpiTii;, 487 
tbicknas and tcctaiiism, 591. 596 
thicLai-n in deep $d, 241 
thickBesi tm cpiititiettu. 241 
trace cicuKrtlhi in. 120 
tmivporrahpn of, 1 55-161. 334-539 
Irapira by pLmf Sp 166 
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Stdinimts— (Cwifinuird) 

LQ] 

%*rM diumg tfanipciTt4tHUi^ ^7 
Self-po^eiiilit niivTs^ ^ 14 
Sepfeaxun ccHK:n:ti(7it«, 11^117 
Scqucx>ce> 4 IS, 44^ 

Scnv;:*. 415.4^. 41^. 440-441, ^ 
confm^ji ifritli ^up. 4?7 
jubdivisicm ol jyitcm. 4l & 

Sfi^e bcDilicK, 1^5 
Seilrut Cnede iJmcshnije. rqnxi'ilcpw of, 
i6S 

Siiale^ 51,. 5> 

altcniRfinii u>ith liiiicstcmc, 

55 

hc^Ming mad age iQ2 
beddlog and Eosili in, 12!^ 
bedding ofp I Ell 
blacV, ITU 
blyisli. Hb 
boudinage in, 115 
brow'iiiib, 08 
dksreotki, HJ7 
citbuciaceou^, 
ceiuaiE in, 91 
oeinmtBbcTn of, 106-107 
cksuAL-stEon ofp ^5 
cdIois of, >> 

minpacHati licddittg m, US 

comp^actkOii i)/_ 207-1 ftb 

cniicreiiflfis 11 I 4 1 16t 101 , 1 50-360 

emu-beddrng iiL LOl 

cruslied fossib in^ 505 

demity in com, 19^ 

depth 4|nd pitUsnK of biinA!^ 29^4 

derived icdiuient. 87 

diageoeili nf, Z95-1D7 

ckctric cbaractcn of, 614 

vin'inKiniciitiit cridmcc of. 192 

mjqeion of, 149 

b&silify of, 101^306 

fossil impiessEoiif jit, 100 

glauconitic, 156 

gratbitlon bmcilmic, 16 L 362 
iiitetbedded griv diid btd^k, 161 

lamEnatian ol, 55, 304 
litb<>logic assDci;itiun4i wf, 56a 
ofjpnir contotof. 68 
^per,|U2 

payings and soTuboii. 12l 
pattitu^c of* 1^2,16CI 
pmneaMtty of, 99 
poiosily depth d bndab 500 
pcTOjilv of, 61 
rciidual soil frain> 544 
tdiueoin, 107 
lOt eoDttnt 55 


Shale— [Crnifimiial) 
tbicfiiirsT jmd cwnpflctimi, 50| 
Yanability of. 55 
ShfiUf pJanef sod beddiug^ i D5 
SbeaiEd znnfa and 111 

Sheet floods 175 
Shchiiimp If. F , 61 

Shcpaid F, K foa 164. 179. Idf. flS, 
JS9,245.297.321,41}. 610 
SberwfKidp L. 4i 
Shimcj. J, A, 656 
Shorelina, 181-582 
Biiatiit,494 
iDcatioo of. 1M 
shifting of, 499^501 
Shrart, R. R , 235. 3Sl, 491 ,130 
Sial, 25S 

bcncatb continoilSp 25S-I59 
bimcath 4Joeaiu. 240 
deep iow^E of. 14Sp 172. 281-232 
downfolding in lectagenc. 26U-r26t 
Sideritc cements 93 
Siffitr, Raymond, 13S, H9 
Silica, vdlcairic Oi^ii of, 69 
Siliea gelpilT 

Slid chcTl, 69 

and gef>dci; 124 
Sibca TWftcs. 120 

ScUdfimbem. ttidenceirf imciSfifcriTOihfi 
401.408 

fit fffisik, 4U1 
of sandy zaacs^ 70 
selective. 120 
Si1t, defritai 15 
pornsity of, 93 
tef for, 33 
Slltstune, 55 
geodes 125 
SdiTTiimp cnnlfoveray, T7 
coi^latkm of, 463 
tnfeiptefafion «f ImuIs, 583 
liinnKmc in lllifiok, 564 
57,18. 40 
hEkbkg^ salt, 71 
on Canithan shield, 561 
pKospliarie limeaitMic^ 76 
red md vEcala, 559 
iref and intcniTJ fatmat, 363 
reefs. 194 

ilic^xilitfs in raf Bants, 125 
(O teef ftants, 1Z1 

thictiKU vmriRtinij m Mkchugan, 4M 
SHuiian System^ 53,17,40, 41,43 
Sriiui^ 25S 

derp BEnrage nf. 246 
Slmp^.C- C-. 568.600 
Siman Sy'tti-iE. 42 
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SmV boSfs, 

S^rtEi, L U.de.2S7 
Slnnptofl^ A 
Stctchn w plujioftiipli^ 

SUdt-»'atcr dqKBJts^ 174^ 175,482 
SLp3, Sm, 5ZI. 5^6, 537 
Slickfliiiijci, ^tndityklito, D1 
on coal h«11^ 120 
oa ctmwt^, TI5 
StkJcollE:^ 121, !24 
Skiit, L U 16. 54. 5^. m, B2, ISB, Z24, 
2;i SU 510, >38,567 
Slump stmctnic;. 40| 

Slmiipiti^ 157,-100^401 

CHI fCcr Bimls; 491 

mba^Litwii, 107.112-113. ITZ 
Smitl!,HT_IJ., 671,679 

Srnith* N 349 
Smilli. ft. W . 62 

Sndtl,. VViniam, 27-^8. 19. 34, 460. S46, 
>57. m 

Sraonl^ T W.,3flf 
SiridcT,L C.2SJ.m600 
Suvdcr, F, Gh, 45 
Suili, imcac^^^ 402 
de^ekupmcut ?43 
isEiiLBliaii hy^ 1 50 

Tntoiglacbl /64 
ptatmtfcfiiTT of. 4OZ 
prserved. 232 
64^ ^ 

tr^khnl. 143-344 
Soitt !!Jrrt^^lI^ age oF. 15 
Solubflci, iiii! 121.122 

m cvideDCf of ituc-ntifonnity^ 403 
it licditiTig plsies. 123 
at gmm bmmdanet, 291^ 194 
below water table 404 
ckptbdF. 150 
iotcrgnmEilaiH 93^ 97 
iutOTtraml. 360 
of ciilcaueoui fpssik, 100 
of cement, 295 
li^ lmK!7trvne.i l4ft* HIS 
of liTTic$tune pcbliiljt3,92 
of quartz talote 294-29? 

Of mdEi, 150 
Sonic fopniilinj^ 141 
Soiling, 87-90 
liy wme action, 157 
liy wiird, 160 

of alcmnnt scdimciit^ 1€7 
of cDztgicifnezifes, SB 
Source 336^ 340-346 
and »ciiinn=nt tbrckcmi^ 339 
ind tedunmu, 354-l5> 
clEmatc and weatlininit bn, 343-344 


Source »«»—fContimiKf) 
dcstrc^mbmk^ 345 
n-ujence of sedkietit?:. 579, 5SS~586 
loatioit of, 342-341 
of geot^ttcbnul loUiincnts^ 151^252 
itrurfutailY ecmipli!i lodcs. 5S5 
topc^iaplky itnd cmznn in. 344-346 
Source mclci. 340-342 
and derived tediifient, 57 
igocouv 79 
Spadv J- 560 

S^ki, af^ianiitce or dcmppcmBncc, 566 
diffcrenlLiliiTTi of, 556 
ciiviiomncntal contid of diftnlmliun, 
210 

pioblcmH >49 
nanif:! of. 455 

Sp€Eilineii$^ flltuEiEtion of, 655 
Spcig^ Limestone, denvatluu cf nmntr 
464 

identiticatiDn ixf, 469 

S^ridtT of sedimEmhiiy uirtichs, 9tt, 9l 
Sptel£i*£.M,5fa, ?39 
SpongEs, 197 
SpuTO, conelatmn by, 551 
Spuioger Shale, 430 
^lingficU m No. 5 ongJ, 460 
Stabtr area» and paJeoteefnttki. 594 
Sta^ 413. 419,443-444. 449* 450 
as birntratigiapliie mca, 444 
confused with groups, 444 
rfarfal aod mfdglacial. 449 
rkistoceiM, 444 
leviicd. 47^79 
StarEsli. 202 
Stass^hut suit drpouti. 72 
State geologitsd soivcti, wott of. 474 
Stems. Nicolauu 1J, 23 

Stephemnm. L W„ >69 
Stewait J. Il„ 610 
Stewart, 85, ilS 
Stewart, W. AH 13 
StiHe. Hans. 13, H 

Steidcdak, P. B. I2J, 12J, HI. 497* 539 
Storm. L. W , 275 
Sicae^G. W ,6I9 
Stout* WiJbcf* 352 
Stmcfiqr. John, 12 
ShatiBcatuan, 353-1i3 
units, 101 

StriHBcd roch^ areal e^dent ofi 3, 3 
Stiatiginirphic hciLiiidaiia, changes of, 476 
Strati^aphrc classhcatiDu^ 414H54 
dr^optuent of, 416-419 
divcTgmt opiiiiotis,476 
uvolntkm of. 476 
ED Emtipe, 31 
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Sbatignptiic —(ConlroiiJ^) 

tncidrni, 
dildi?, 4 L £ 

^efoioi i>t, ?IEI 

StExli^isplik ^pi imd tiiiCC3tifomiitic%. 400 
StradECSEihjc Eunuch, cuji^rtalizatkFn of^ i5%- 

dtnvatidn ol^ 463^6J 
ilulteis* tfims, 4&J 
cniim^of, 456 

Qi i^hietfid* 471-472 
farm numfs. 461» 46> 
from OEitcTops, 4frf 
from piiblijhcd mapi, 4^4 
Beogiapluc in>d classTnmiE^, 455 

Baman>Tn3j 459 
Hyplicpat^r 470 
inmrnial, 46fM62 
Latrtimfd^ 456 
meanings chapg«d« 477 
ongm of, 465 
cni'tfrcnTph4$ii vK 4fi6 
pcmslcpce of# 46?-47& 
pdi^rity ofp 45S-459 
testttctuii] ui rnlcfiiiiHcni 459 

njks far, 453 
iubmjfacc« 461,465 
lyoonymSp 4 > 7^ 4 5S 
Strati:gniplik nmniiiidatiirr^ 455-4?9 
chingti* at Jlafee Imea. 475 
dianges in, 474 

cQstifittdiDn afiiaipe,45>-4'58 
g)rncfa] niTc£- 455-458 
obsolete (IT abofidouai nainca, 462-461 
simplicity ami aa:uiacy chf, 472 
Stratigraphic patterns^ 179 
Stratigraphic scaiamCCr ^ 161—581 
altETDAtionB, >65-166^ 367 
(kfcnrrinatiqn of* 6, 669 
hctcmgcneotui uH.'ocsiian&p 164-365 
lithologic tinifonnity, 161-164 
paLlenii^ HiccesBwu, 165-379 
Ftpeat(?(^ cmipilct. 366 
imi¥CTsaL25 

SimhAnphiC uniti, and basics* 507 
anj political boundariesp 474-475 
and stratigiapliic narEiei* 466 
aTbiliaiy.4p S 

tLrbEfmrT bcmmliriea of* 479 
bioitmiigtaphjc imits. 415-419 
liifieientiaticin of. 669 
disciiiiiiniitiEm of. 5 
emet defidiTfom of, 479 
idcntificatiflo erf* 50 
facial. 44^50 
in siibsurfaCf. 6* 472-471 ^ 

mfotttLi] in mhniifitce, 473-474 


Stmt^rapbic qprts-—{Ccnfinu4«f J 
jptortctigqcd, 469^71 
iLoiki d4^ 465 
natural. 4 

pcnistcncc of. 465-476 
ledcGniitimi of. 476-479 
fdatiem of. 419-420 

lock iTiiit i. 42r7-43> 

syrnbrih for. 459-460 
t^Moclc 4 3 9-444 
StraJigdjplijr, 3-1 h 171-574 

and uulctci|i 9 . 472-473 
and tune; 9 

as bsk mfonruition, 6,8 

as unifying agen t. S-IO 

baituof. -4-5 

birUiof, U 

British. 11-34 

dc&uticnn of, 1-4 

descriptive. 7 

dav^limnimt o|« 1S-1L 

ICTspclEiEsb 276-277 

iiTTpOTtanc£ of. 8-1 h 599 

inj£rpfetaiiun 7-8. U 

obsen^tiDiu of, 30-Sl 

of iDctniTtCT|thic rocts. 79 

polcoger^mpliic t^wdcncc ofp 574-573 

prwrbcab 6 

fuactical aswets Df. 4 

princrpics of. 11,28-10 

relatimn of, 9 

nrlatiritis oE paTcon tology. 562-565 
Tcn^ich oppoTtmntiPS iu. 8 

loentihc; asKcts of. 4 
submarmc. c42-241 
lubsnrfajix. 3, 6SS 
tuli^urfoDevaniihlti^* 473 
successive steps to, >-S 
imccionlFnHteiL 474 
Stratton. E- F., 5J7 
Stratum, 1Q2 

Stiicfcluif dinui hotiaton* 419 
StnmafcopcToidi* 198 
Stmotium-Tubidiimi ratio. 1 3 
Stnictund tontoui mupv. 641-643 
conslTUcbon of, 641 
Slnlc±iLral tcctiotiSs 621-625 
StTuctmizI vanatiun. 4S8 
Stmetarc*. mid oition nUoi. 66 
at nuconlonnitica. 4IQ 
chcuiical, 114^123 
collapse^ 113“^ H 
iximpoctiiin. 91* lOI-IM 
growing compkidtf oh >95 
non-foctcnic; 488 
of Eait Indici, 255^239^ 267 
of Organic reeis^ I6S-169 
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StractniE^fr— \ Cptitiqucd li 
12A 

flij'SicalH 101-U4 

Jretiird of tectotmin, 34$ 

KdiiticitkhirT^ 1(30-12$, iIV?2l 
ibear, 13 > 
ilrEinp, in 
ipbciulitu:, 13$ 
llicuncs conipaptdp ZTTU^TT 
Stnigglc iTH-c3uJt^ucr, 327. 557 
Stnbblefield. C. 44 
Stylolikj, 120-123,4(>+ 

aJoEig joints unii vcini, 132 
*mJ calatc crmcct, ^ 11 
and pKtid«fciiili5c4iHfin, 
ill dirrt. 11$ 

in difipiiie itiata* til, Ul 
ai SalLCi linT^itDctc. til 
miniatuff:, J33, 203 
vertical, 122 

Subc^rtiwairfMoiii Sirtnn* 41 
Suhgniy^clc. 5fi, 

Skibnuudc cnnjanx 172 
Subsickih::^ and scduiicntarv loadiur. IKl 
2>4.253 ' 

SubtUi^c. 4l8. 4 ir^.44? 

Suhznne, 4^0 
Sn^ra, W,. 

Suite, 41? 

Suftcw^di^Z. L. 140 
Siiifui^ cxidatidn ckf< 147 
Stiourtr^H ciletnnon d# Biimicsf ihfrifii£am.v 
1(A 

TTindeni gc47ijiii:!int, ZT'y 

dutcr are* 264 
iti^ctifTc of, 3S$-2><J 
Sunlight, luitihiig h^*, ] sO 
SiipcipotalHHi. 20^ n 
Surf croc teahiret/Vl 
SutvcyJi, p1:inc‘t^k; 6ti7 
rough, 67? 

SuHupi,.4.!l.,4!2 
Sveidtup, IL U_, 2M 

Swih, r M.,4l1 
s^dnrpi. Ojotal. 177, | S4 
dfpClWtACFh pft 

forotcd. 177 

high- and linv 17fi, 177 
niangTO^c^ IM 
iwim. D ir^ 540 , 452. &45 
Sv^tuon. R, \V.^ $1 
Swartr, C- K.. ?6S 
Siwrtz, I rr,622 
Swcdci),graptoh[c ennon >?9 
uplifted coBst. 16 
Var\t dating^ 12 
Sbnl^, 2$? 


Symbols, fm eofinmiai ifidiom, $H, 616, 
616 

for utngfi thiEfts, 617 
for rtzaiigrapJik indti, 459-460 
Syrtomms* rttatigniplik. 41S 
Synrhesn, gnilogic, \U, >40, >72-574, ?9$ 
SptHJix 52^1, 415, 416, 41ft* 410, 44fK 
445 

baundarics fd, 530, ?$0 

ftnrecpl 50 

^Ecs td iragniticpa^ ?6 . 

ianpTTjpcilvcOTirtitTjrMi iKI 

liiitcd to petkidi, 416 

tower, middle, and ripper parts. 461 

misciflbnciiiu, 

PrccajjibriaTi, 42-45 
^tandiitd, 54-?0 
ynbdrvi^uuiif, 

"J'accEtiian dmurhanec* 557 
TacDoic Sptem, # 

'I'aliafcrro. N. L-, 52 
fVmisLiiiLijn SiVatou, 45 
TaTlnr^ |. IT., H9 
Ta^liarJ: HM 

TectofaciEfi. >14. 515, 522 
Tcctogcnn. ir^lM 
demopment of. 16a1 
oh|Ecti£Mw tn tbcocy, 263^363 
1‘cctiHiic am rtf ^urld* 166 
Tectonic bflltnct^ cnHioo and depcoitkiii, 
49$ 

Tf?ctaiilc dcvclopmcjit, 195-506 
changiug^ 74^240 
|HkmrtiilD|u:«^ticiTr.-c i>{, 505 
stratignapliic ct-idenoe ofu 50J 
Tectunre intopirtaiioas. 1$5-3S5 
'I’crtmiic EegiDns, bto pf incLt. 249 
■lbctuiii«, 1P-2S8 
and b> pAs&inj^ 156 
diimgir^ 595 

iiietatiifirpfiic and igrreom activity, 505 
pukti^cograpbii: cvidmcc. iftO 
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